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ABSTRACT 
Scaling problem is one of the common engineering challenges in ‘flow 
assurance’ in the oil and gas industry. Since mechanical or chemical 
treatment frequently requires sacrifice in fluid production, it is often 
preferable to avoid this problem, for example by conducting a scale squeeze 
treatment. This treatment includes an injection of scale inhibitor to hinder 
scale formation in the rock. Its effectiveness corresponds to its attachment 
lifetime in the rock formation. This is where nanotechnology has an 
important role for its capability to enhance the attachment of the scale 
inhibitor on the rock surface. The question that arises is how and where the 
injected nanoparticles are distributed and attached on the walls of the rock 
pores. It is difficult and costly to perform evaluations in pores of a rock 
formation in an actual oil field. Therefore developing a computer simulation 
is necessary.  
This research has successfully demonstrated a development of 
simulator to explore the science and engineering of nanoparticle transport in 
microchannels. The phenomenon in the system are explored using a 
combination of model experimental systems and novel Finite Element 
Analysis (FEA) computational simulations of fluid flow in microchannels of 
porous structures. The effect of the advection, diffusion, microchannel’s 
surface roughness and curvature variety to the nanoparticle transport in the 
system are investigated. It is discovered that the adsorption is encouraged 
by diffusion when the advection is insignificant. When advection is 
significant, a plenty of injected nanoparticle is needed to achieve similar 
adsorption in a system with diffusion domination. Nanoparticles are 
transported less effectively in microchannel with high curvature 
configuration. The density of the adsorption distribution in this type of 
microchannel is less uniform than in microchannel with simpler curvature. 
Rough surface increases the adsorption, where the distribution of 
nanoparticles into dead-end region in the microchannel system is governed 
by diffusion. The modelling framework in this thesis is versatile to use for 
modelling any transport that is coupled with surface phenomenon in 
microchannel system by changing the utilised governing equations and 
assumptions. 
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 Chapter 1  
Introduction 
1.1 Background 
Flow assurance, or the “Guarantee of Flow” in petroleum industry is 
defined as the satisfaction of demand for transporting hydrocarbon from 
reservoirs to the processing plants and point of sale [1, 2]. Flow assurance is 
an important key concern in the oil and gas industry because lacking of it 
results inefficiency in production, even leads to zero hydrocarbon 
production. It possesses a number of engineering challenges and difficulties, 
such as erosion, corrosion, and the accumulation of mineral scale and other 
foulants. Moreover, flow assurance is a very crucial task in deep-water oil 
and gas production due to the involvement of relatively high contrast of 
pressure and temperature between the reservoir and the ambient condition 
above the seabed. The involvement of these parameters along the flowline 
can lead to deposition that commonly jeopardise the flow assurance [3]. 
Injection of salt water to the reservoir is also a common way to maintain the 
reservoir pressure. However, salt water can be incompatible with the 
formation fluid and as a result can inflict a serious scaling problem [4, 5]. 
The cost and risk in curing the scaling problem is often high and sacrifices 
fluid production.  
To have the “Guarantee of Flow”, it is often preferable to prevent 
problem to occur, e.g. scaling formation, instead to cure the problem 
because curing the problem is more costly and risky than the prevention. 
Scaling prevention is commonly conducted by reducing the utilisation of 
incompatible injection water and introducing scale inhibitor to the flow line 
and the reservoir formation. Introducing a scale inhibitor is the most common 
one and is known as the ‘scale squeeze treatment’. The effectiveness of a 
scale inhibitor relates closely to its attachment lifetime in the rock formation 
since the idea is to inject scale inhibitor into the formation to let it adsorbed 
onto internal rock surface and slowly desorb to maintain a supply of inhibitor. 
Utilisation of nanotechnology has a promising implementation to enhance 
the attachment of the scale inhibitor on the rock surface [6, 7]. However, 
nanotechnology is not yet a well-established approach; but in fact, it is still 
new and speculative. Proven effectivity and efficiency, as well as health, 
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safety, and environment issues are to be resolved for implementation of 
nanoparticles in the oil and gas industry. 
It is important to understand the distribution and attachment of the 
injected nanoparticles in the porous system in the reservoir due to reasons 
explain previously. This thesis establishes novel method and computational 
fluid dynamics simulator that models transportation of injected diluted 
nanoparticles in microchannel system with different injection properties and 
geometrical variances. In the simulator, flow and penetration of 
nanoparticles in microchannel are observed by investigating the effluent 
concentration, the adsorption and desorption process are perceived by 
examining the profile of adsorbate mass and concentration. Dispersion and 
spatial distribution of the injected nanoparticle are also discussed by 
investigating the movement profile of the concentration in the microchannel 
domains. The effect of injection velocity, injection concentration, 
microchannel geometry that includes longitudinal and surface variance is 
also discussed. Hence the key aspects to be understood include the flow 
and penetration of nanoparticles into fluid saturated rock microchannels, 
adsorption and desorption rates, dispersion behaviour, and spatial 
distributions are visited. 
1.2 Motivation 
Maintaining an elective supply of energy has been a large issue for 
decades due to the world demands for a vast supply of oil and gas from the 
industry. This is a challenging condition because of the limitations in finding 
new discoveries, and maximizing the production from the current reservoirs.  
Nanotechnology has a promising utilisation as an enabler to exploit 
more fossil-based fuels. Nanoparticles has particular properties such as high 
propensity for adsorption and good candidate for injection into the near 
wellbore region because of their small sizes [8]. On the other hand, 
nanoparticles also have to present a reasonably mobility, because the use 
will not be feasible if they do not transport into the area of interest [9]. 
Nanotechnology in oil industry is still an emerging approach that requires 
study and investigation to gain understanding the benefit to the industry and 
the risk to the health, safety, and environment. It is not always practical to 
establish a field and laboratory model for investigation, therefore 
establishing a representative and observable computational model is 
important.  
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1.3 Aims and Objectives of the Research 
There is a rapid growth of interest in nanotechnology in the oil and 
gas industry. The example of the applications include the utilisation of 
nanoparticles as agents for modifying surface wettability, mobilization agents 
for recovery of residual oil, enhancing mineral scale management systems, 
enhanced drilling fluids, water shut-off, etc. 
In reservoir scale management system, nanoparticles are injected 
into the reservoir to increase the adsorption are of the rock surface and 
enhance the attachment of the scale inhibitor on the surface of the rock 
pores. There are many uncertainties in the downhole pore configuration; on 
the other hand, the nanoparticles need to be delivered to the required 
location. It is crucial for a health, safety, and environment (HSE) approval to 
gain knowledge about the penetration, distribution, and the placement of the 
injected nanoparticles in the reservoir.  
This study is conducted to establish an understanding of the 
transportation, penetration and the adsorption/desorption of injected 
nanoparticles in porous media. By this understanding, it will be easier to 
control or modify the distribution path of the injection that is in accordance 
with the operation and the HSE approval. Having the knowledge of the 
injected nanoparticles deliverance might assist in predicting the effect of the 
injection to the rock formation and environment.  
The preceding investigations about nanoparticle distribution in rock 
porous media were mostly conducted for porous media domain where the 
flow is affected by permeability, i.e. where Darcy’s Law is valid to use. The 
effect of microchannel geometry variation and advection-diffusion 
mechanism to the distribution and adsorption-desorption process has not 
been much covered. Therefore, more investigation to the process at micro-
pore-channel is required to enhance the understanding of the nanoparticle 
distribution and adsorption in the porous media. The approach used in the 
study in this thesis accommodates the method use in studying 
nanomedicine delivery in human body where microchannel is used as the 
domain.  
The approach used adopts a pore-scale Computational Fluid 
Dynamics (CFD to explore and understand the effects of flow and the 
microchannel configuration on nanoparticle transport and adsorption and 
desorption. Finite Element Analysis (FEA) is used in the simulation by 
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considering the concentration flow in idealized pore-scale geometries and 
infers the behaviour observed in much larger pore networks.  
This thesis is dedicated to establish a numerical model to simulate 
the nanoparticle transport, distribution and adsorption/desorption process in 
micro-pore channel. In brief, the aims and objectives of the research are 
expressed in following sub-chapters. 
 
1.3.1 Aims of the Research 
This thesis takes role as one of the starting points of investigation of 
nanotechnology implementation in the oil and gas industry. The aims of this 
research are to establish methodology and understanding of nanoparticle 
penetration into rock pores. The model developed considers the 
nanoparticles flow in the microchannel and the adsorption/desorption 
process on the microchannel walls. It considers the mechanism of the 
nanoparticle concentration transport, adsorption/desorption process, 
dispersion behaviour and spatial distributions in microchannels. Since the 
framework relates the transport mechanism in microchannel bulk and the 
corresponding surface wall, the methodology is applicable for future 
investigation that includes concentration flow and surface transport 
mechanism in flow assurance in the oil and gas industry, e.g. scale inhibitor 
attachment and corrosion.  
 
1.3.2 Objectives of the Research 
The aim is achieved by developing a simulator that can model the flow, 
distribution, and adsorption/desorption of diluted nanoparticles inside a 
simple microchannel. The simulator is validated using results from a 
published laboratory experiment. 
Then, some sensitivity studies are conducted which include the 
investigation of the distribution of nanoparticles in a single straight and 
tortuous microchannel. The investigation of channels with different 
geometrical roughness is also conducted. Finally, the study is wrapped up 
by investigating the distribution of nanoparticles in a complex microchannel 
network. 
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1.4 The Scope of this Research 
This research presents a guideline and methodology to understand 
better how the transport and penetration of nano-particles in porous media 
by investigating the phenomenon in the microchannel. In the study, the 
nanoparticles are treated as diluted species that the transport and 
distribution are dominated by advection, and diffusion process due to 
nanoparticle concentration gradient rather than mass. The main scope 
points to be discussed are: 
1. To present a guideline to develop a simulation of particle flow in a 
microchannel from a point of view of scale squeeze treatment. 
2. To validate the simulator with results from a scale squeeze 
experimental core flood.  
3. To investigate and characterize transport and penetration of 
nanoparticles in microchannel domain with various geometry 
configuration. 
1.5 Contributions of this research 
Nanotechnology is still quite new with not yet many applications in the 
oil and gas industry. Furthermore, there are Health, Safety, and Environment 
(HSE) concern that need to be considered for implementing this technology. 
It is important to understand the distribution and placement of the injected 
nanoparticles in porous media. Many studies have been conducted to 
investigate the behaviour of nanoparticles in porous media; however, the 
studies were mostly conducted for porous media in a macroscopic-scale 
system. Study for the behaviour of injection of nanoparticles in the 
microchannel-scale need to be conducted more for investigation. 
Furthermore, it appears that there is none yet established a simulation that 
focus specifically on the adsorption and desorption mechanism inside the 
microchannel of the porous media itself.  
This thesis contributes in nanotechnology research field by developing 
a versatile simulator that is based on Finite Element Analysis method to help 
investigating the penetration, distribution and the adsorption-desorption of 
injected concentration of nanoparticles in a microchannel as an analogue of 
injection steps in a scale squeeze process. In the study, the investigation is 
more thorough than the previous studies where mostly the porous media is 
treated as bulk domain where the flow phenomenon is closely related with 
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the porosity and permeability of the domain. In this thesis, the porous media 
is approached by microchannel domain and the simulation framework is 
developed by simple physics logic that is easy to process and investigate. 
The surface phenomenon on the microchannel wall is the process of 
adsorption and desorption whose mechanisms are separately distinguished 
by equations that concerns the effect of the geometry of the pore channel of 
the pore network in the core. The simulator is also adaptable to any 
microchannel geometry characterisation to modelling particles distribution in 
simple pore channel geometry to in a more complex pore-channel network. 
The flow distribution and adsorption/desorption of the particles in the 
microchannel are observable and easy to understand hence it can be used 
to investigate the mechanism in the pore channel and in the porous media in 
general. 
1.6 Organization of the Thesis 
The thesis is organized and divided into eight chapters, and the outline 
of each chapter is summarised as follows: 
Chapter 1 introduces the motivation, aims and objectives for the 
development of the simulator to study the penetration of injected 
concentration in microchannel with various geometries. It also presents the 
scope and the contributions of this research. 
Chapter 2 presents a brief literature overview of the background 
information and recent discoveries that are relevant to the study. The 
chapter includes the potential application of nanoparticles in the oil and gas 
industry, the scale management and the relation with nanotechnology, the 
modelling of transport in rock formation, and the core flooding for validation 
of the study. 
Chapter 3 introduces methodology that is utilised in the study to 
understand the distribution and adsorption/desorption process of the injected 
concentration in the microchannel. A brief discussion about porous media, 
porosity and permeability is included as two of main parameters that widely 
used in the industry. Key assumptions and the related governing equation 
for various aspects considered in the study are discussed, which includes 
the flow condition, representation of the nanoparticles as concentration, 
boundary condition for the velocity and concentration, adsorption isotherm-
mechanism approach and the simulation procedure. Finally, a brief review of 
the Finite Element Analysis (FEA) used in the model is also discussed. 
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Chapter 4 presents the validation of the model to a set of laboratory 
results, including model simplification for obtaining the suitable equations 
and parameters. The obtained equations and parameters then are used to 
study the effect of velocity on the particle distribution in the microchannel. 
Chapter 5 presents the discussion of the behaviour of the particle 
distribution and adsorption/desorption in the microchannel with different 
tortuosity. The simulation was carried out for continuous and discontinuous 
concentration injection for tortuous microchannel with various length and 
inlet-outlet distance.   
Chapter 6 presents the discussion of the distribution of the injected 
concentration to microchannel with various wall roughnesses. The 
investigation for the concentration and adsorption desorption distribution at 
the dead end region of the microchannel is also discussed. 
Chapter 7 assesses the application of the model in establishing a 
flexible simulation tool to create a complex microchannel network-model that 
established from arranging a set of basic microchannel segment that 
transport and distribution of injected nanoparticles within can be 
investigated. A few configurations of microchannel segment geometry are 
introduced as the basis for developing a more complex microchannel-
network model. The concentration distribution for similar total adsorption 
area and similar network dimension are discussed. 
Chapter 8 revisits the objectives of the study, and summarises the 
thesis contributions, and discusses recommendations for future work. 
 Chapter 2  
Literature Review 
2.1 Introduction 
This chapter reviews background information and recent research 
findings that are relevant to the study. Section 2.2 exposes challenges in the 
oil industry nowadays as a preface for the utilisation of nanotechnology, that 
later is discussed in section 2.3 and 2.4. The fundamental idea for the 
nanotechnology application is to enhance the scale management. The brief 
review of scale management and nanotechnology is discussed in section 
2.5. Some substantial literature on modelling the squeeze treatment is also 
reviewed. The focus of the PhD is discussed in section 2.6, which is about 
the modelling of nanoparticle transport in rock formation. In this section, the 
discussion starts with a brief review about the previous work and inventions 
that are relevant to the study, including the transport modelling and 
adsorption/desorption simulation. The review includes the techniques used, 
the assumptions, and limitations of the models. This chapter is wrapped up 
with a summary in section 2.7. 
2.2 Challenges in the oil industry 
Energy demand is a worldwide issue nowadays because of the fast 
growth of human population the world. One of the most versatile energy 
sources is the petroleum industry. Petroleum, which includes oil and gas, is 
easy to transport and convert to fulfil the need of energy. In addition, 
derivative products, especially from oil, also have a significant role in many 
industries in the world, e.g. industry to manufacture clothing, households, 
etc.  
Although oil and gas industry is versatile, they also are characterized 
as ‘a high cost due to high risk’ industry, because it is dangerous to the 
environmental if it is not handled carefully and the resource is discovered in 
challenging environment for most of the time. High standard of capital and 
technology implementation is required. This requirement starts from the 
early phase of exploration, to drilling, production, and utilisation.  
A study that was conducted by Oxford Analytica and Ernst & Young 
[10] examined the strategic risks for the oil and gas industry. This study is 
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based on a structured consultation with industry leaders and subject matter 
professionals from around the world. The risks in oil and gas industry are 
divided into three parts: macro threats, sector threats, and operational 
threats as seen on Figure 2.1 below [10, 11]. The risks explained considers 
many constraints, e.g. the constraint of human and natural resources, nature 
and environment, politics, economy, management, and also technical 
constraint. Furthermore, these constraints are all linked with each other 
resulting in a high level of complexity.  
 
Figure 2.1: Top 10 risks in oil and gas industry (Reproduced from Oxford 
Analytica and Ernst & Young, 2008 [17]) 
 
To balance the high risk, optimum oil and gas recovery is extremely 
important. On the other hand, the production of oil and gas from the current 
discovered reservoirs declines as the depletion of the reservoir pressure and 
the average recoverable reserve. As an illustration, Figure 2.2 shows the 
historical and the forecast of the oil and gas production from the Norwegian 
Continental Shelf (NCS) in 2011. The production of oil and gas from the 
NCS started on 15 June 1971 and data are from one of the largest oil field in 
the world, Ekofisk [12]. Total production in the NCS increased until around 
2005, and then it went down until 2010. The significant production increase 
at the beginning of the period happens due to many new discoveries. The 
attempt of exploring new discovery for oil and gas reserve has been 
continuing in NCS continually. 
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Figure 2.2: The historical and the forecast of the oil and gas production from 
the Norwegian Continental Shelf (NCS) in 2011 (Reproduced from 
NPD, 2011[13]) 
There are two main methods to increase and maintain the oil and gas 
recovery. The first method is to discover and produce the oil and gas from a 
new reservoir. Finding a new discovery consists of a long journey of many 
processes, i.e. research, survey, exploration and drilling. Drilling a well is 
one of the most expensive and risky activities in the exploration phase. It 
needs to have good planning, establish drilling rigs and support facilities 
provide the drilling assembly, drill pipes, chemicals, infrastructures and 
safety support. The uncertainty is also considerably high because there is 
always a large chance to find a dry well (zero oil). The risk and cost per day 
of this activity may become exponentially high for an unproven area i.e. 
wildcat well drilling [14, 15]. In order to reach the difficult and deep 
petroleum reservoir, ultra-deep and extra-long drilling is developed. The risk 
is significantly high in this type of drilling operation [16] which require high-
end technology and tool quality to face the drilling challenges. A successful 
drilling should be harmless to the surrounding environment. It also has to be 
conducted as quickly as possible and as safely as possible, reaching the oil 
and gas target reservoir. 
The second method is to optimise the production from the existing 
wells and reservoir. This also is challenging because the disruption of flow 
can happen anywhere, i.e. in the flowlines, in the well, or even within the 
reservoir itself. Fluid that transports from the reservoir often bring 
incompatible substances that might deposit in the flow line and reduces the 
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production. This deposit is known as scaling which can happen due to the 
change of pressure, temperature, pH or the mixing of incompatible 
substances [17]. In a severe case, scaling can even totally block the 
flowline. It would be relatively easy to treat if the scaling happened in a 
surface flowline, but it would be far more difficult if it happened inside a well 
or in the flow line on a deep-sea bed. Furthermore, scaling also might occur 
in the reservoir that makes the effort for remedy becomes much more 
challenging because the mechanism of mechanical remedial must be drop 
and leaving chemical remedial treatment for solution that include more 
certainty since it is being injected to the porous media in the rock formation. 
Scales deposit inside the pores, change the rock permeability, and decrease 
the production. Apart from scaling, corrosion is also a problem that often 
appears in the flowline. Acidic substance along with the flow in such high 
pressure and temperature might cause the corrosion in the flowline.  
The consequence of scaling and corrosion are high cost and 
technically challenging. For severe problem, replacing the production line 
sometimes is unavoidable in order to remedy flowline disruption. The time 
for replacement often leads to a significant production loss. It is always 
better to avoid these problems than conducting remedial treatment. Some of 
the methods that is used to decrease or to avoid these problems are 
mechanical removal, coating application, and the use of the resistant alloy 
[18, 19]. The other way to prevent scaling problem is to introduce chemical 
inhibitors to the surface of the rock formation surrounding the well by 
injection through the production lines [20, 21]. This treatment is known as 
scale inhibitor treatment, which is a common method for prevent scaling 
problem in the oil and gas industry. After the inhibitor is injected through the 
production lines to the rock formation, the well undergoes a shut in period for 
a certain time until being reopened for production. The injected inhibitor is 
attached in the rock formation and reducing the scaling deposition process. 
The utilisation of inhibitor sometimes is challenging according to the 
case on place. It is common for scale inhibitor to be combined with other 
substances for a gaining specific purpose, e.g. enhancing inhibitor 
placement. The combined inhibitor might induce formation of protective layer 
on the surface of the flow line that alters the flow line’s properties [22, 23]. 
The protective layer formed might be harmful for the pipe or the surrounding 
area if ingredient include hazardous materials, e.g. phosphorous substance 
or heavy metals [24]. Therefore, the selection of chemical used is important 
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to optimise the utilisation and minimise the risk follows. The utilisation of 
inhibitor that is environmentally friendly is strongly required [25-27]. This 
type of inhibitor is known as the green inhibitor. The utilisation has four 
objectives, i.e. to eliminate the environmentally discharge, minimise potential 
compatibility problems, reduce cost, and green for the environment [28]. 
Many studies and discoveries are being conducted for both in these areas 
[29-35]. 
It is also important to maintain the reservoir pressure for production 
optimisation. Reservoir pressure depletes after the oil and gas in the 
reservoir is produced for a certain time. This depletion results in a decrease 
of the fluid production. In order to have the reservoir pressure maintained, it 
is often necessary to inject certain fluids to the reservoir in methods that are 
known as the Enhanced Oil Recovery (EOR). However, current applied EOR 
technology has only been able to recover at maximum 70% of oil and gas 
from the reservoir [36]. The comparison of the recovery factor (RF) for 
different EOR methodology is shown on Figure 2.3. 
 
Legends: RF= Recovery Factor, WI = Water Injection, GI = Gas Injection, 
ASP = Alkaline/Surfactant/Polymer 
Figure 2.3: Recovery factor obtained according to the Enhanced Oil 
Recovery Method and Oil Viscosity (Reproduced from Total EP, 
2008)[36]  
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In order to achieve the production gain with maximum efficiency, the 
industry should be adaptive to explore and utilise the available information, 
innovation and technology. The adaptation also has to be parallel with 
maintaining a high standard level of health, safety and environment. One of 
the solutions that are in accordance with both of these objectives is the 
implementation of nanotechnology. 
2.3 Overview of nanotechnology 
Nanotechnology itself is defined as a study, development, 
manipulation and the application of technology for particles with critical 
diameter of 1-100 nm that have unique properties due to their small sizes. 
Nanotechnology is an interdisciplinary technology that combines the 
chemistry, physics, biomedical, mathematics and engineering [37, 38].  
 
 
Figure 2.4: Nano particle in a beaker (left) and the image of a polysilicon 
observed under a TEM (right) (After Ju and Fan, 2009) [39] 
 
Nano is derived from a Greek word ”nanos” which meaning is dwarf. 
In science, nano is a prefix to express a magnitude of one billionth of a unit. 
For example in lengthwise, nanometer means one billionth of metre or 10 
Angstrom (Å). As an analogy, if the approximate dimension of one hydrogen 
atom is 1 Å, therefore 1 nanometer (nm) is about 10 hydrogen atoms [37, 
38]. Nanoparticles normally appear as powders. Figures of nanoparticles in 
a beaker and under a TEM (Transmission Electron Microscope) are 
displayed on Figure 2.4 [39].  
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There are two methods to manufacture nanoparticles. The first one is 
the top-down method, which is to mechanically mill a large scale of material 
continuously until the required size of nanoparticles is obtained. This method 
results in a broad distribution of size (10-1000 nm), varied particles, 
geometry and some impurities. The other method is the bottom-up method, 
where each particle is manufactured one at a time. This approach includes 
pyrolysis, inert gas condensation, solvothermal reaction, sol-gel fabrication, 
and the structured media. This approach results in more uniform 
nanoparticles [37, 40]. Nanoparticles formulation is also important to avoid 
the manufactured nanoparticles forming agglomerate that increase the 
overall size of the particles. 
Nanoparticles can be synthesised from any material, e.g. carbon, 
gold, alumium, etc. The properties of nanoparticles link those belong to both 
of their macro and atomic/molecular structures. The properties of both 
macro and atomic structures of a material are normally different. This 
difference presents because the quantum effect appears more in the 
material’s atomic structure than when it materials as macro structures [37]. 
These differences occur for both physical and chemical properties that 
originated in such complexity from the material’s atomic and molecular 
foundation. The properties of macro-structures are relatively constant 
regardless of the size. The amount of the atoms on its surface is insignificant 
against the number of atoms in its bulk. However, this is not the same when 
the material stands in its molecular size, e.g. nanoparticle. In this state, 
every single nanoparticle significantly affects each other that determine the 
physical and the chemical properties of the overall structure. Nanoparticles 
also have other unique characteristics that the specific functional surface 
area (i.e. surface area per unit volume) is remarkable wide [41, 42] that 
allows interaction among the nanoparticles themselves. This vast functional 
surface area, in such ways, dominates the contribution for the overall 
material’s properties that induces different properties than its macrostructure 
characteristics. Nanoparticles also are small enough to be able to confine 
their electron to expose quantum properties that affect the appearance, 
electrical, temperature and magnetic properties [43, 44]. As an example, in 
contrast with a solid-solid composite, thermal conductivity of particles in fluid 
is increased when the particles’ size is reduced [45]. Therefore, the thermal 
conductivity of nano-structured material is significantly higher than its macro-
structured state. Nanoparticles structure is also more adept to dilute in 
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suspensions than the macrostructure. This important physical property 
allows a strong particle-solvent interaction that overwhelms the density 
contrast. Nanoparticles are also proficiently able to diffuse in solvent due to 
a temperature difference. On the other hand, macro-structured material only 
has two interactions with the liquid, i.e. sinking or floating. 
Nanoparticles can also be manufactured together with other 
substance to increase the strength and durability of a product. For instance 
the incorporation of the clay nanoparticle with polymer matrices to make a 
stronger plastic [46]. Nanoparticles also can be manufactured to establish a 
certain structural geometry. A particular example for this is the carbon 
nanotubes (CNTs) [47-50]. CNT is a special structured material because it 
has particular form and properties that other materials do not have. CNTs 
can transport electron 10 times faster and 100 times more current capacity 
than the conventional silicon material. CNTs also can disperse the heat 
better [51]. There are plenty possibilities for innovation and development for 
the implementation of nanotechnology. In the industrial sector, this includes 
communication and information, medical, space, structures, clothing and 
also oil and gas [39, 52]. 
2.4 The application of nanotechnology in the oil and gas 
industry  
There is a huge potential for nanoparticle technology application in 
the oil and gas industry because nanoparticles can be manufactured 
abundantly as required as it was discussed previously in Section 2.2. The 
size of an individual nanoparticle (1-100 nm [37, 38]) is generally much 
smaller than the average size of a rock pore [53]. The consequence of this 
size, nanoparticles can be injected to the rock pores where the vast total 
surface area can be exploited to enhance the property of the rock as 
required [54]. In this section, the discussion of the application of 
nanotechnology in the oil and gas industry is divided into (1) nano-coating, 
(2) nano-fluids, and (3) other innovations. 
2.4.1 Nano-coatings 
Nanoparticles have unique properties to enhance the strength and 
durability of other material. Not only for the polymer (plastic) [46], this 
property has been utilised by US Navy to strengthen shipboard and 
submarines by spraying nanostructured alumina–titanium coatings on their 
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exterior parts [55]. In oil and gas industry, this coating can be used to 
increase the quality and strength of the drilling assembly without altering its 
dimension significantly. This coating also can be customized to increase its 
sturdiness to withstand the condition of high pressure and temperature in the 
borehole. Drilling assembly that has a higher durability for toughness will 
have longer lifespan, less maintenance, lower equipment cost overtime, and 
furthermore, longer drilling path and allow for extreme trajectory. This will be 
significantly beneficial for deep sea and ultra-deep sea drilling activities. 
Nano-coatings also have potency for the control of the aquatic fouling 
that happens in marine environment. This anti fouling technology prevents 
attachment of any organism on to the surface. Nano-coating is a non-toxic 
protection method and environmentally friendly since there is no involvement 
of any biocide compounds [56]. Materials that have been strengthen by 
incorporation these nanoparticles also can be used for the infrastructure at 
the harsh environments (e.g. dessert, deep sea, jungles, etc.) where 
maintenance is difficult to do [57, 58]. 
Nano-coatings can also be used to cover the surface of the 
production line. Customized nanoparticle can be used as an insulator on the 
outside of the production line. An example of a suitable nanoparticle for 
insulation is the metallic Carbon Nano Tubes (CNTs). Carbon Nanotubes 
(CNTs) are allegedly the strongest material known today in term of the 
tensile strength and elastic modulus [59, 60]. The tensile strength of a multi-
walled carbon nanotube reaches 63 GPa. This means that the CNTs can 
withstand tension of a weight equivalent to 6422 kg (14,158 lbs) on a cable 
with cross-section of 1 mm2. The metallic nanotubes display very high 
conductivities because the electrons inside the CNT only transport along the 
tube and do not scatter, which is known as a ballistic transport [61]. In the 
inside, the configured nanoparticles can be functioning as an anti-scaling 
layer. In the same time, it will reduce the corrosion possibility due to the 
increase| the material resistance [62]. It is also harder than diamond [63], 
therefore CNTs can be, even more, manufactured to replace a diamond bit 
that is currently use in drilling hard rock formation in the oil and gas industry.  
Gas hydrate is a structure that is highly unwanted in the flow path of 
oil and gas in the petroleum industry. It is originated from crystalline 
structures which are constructed from a trapped gas molecule inside of a 
hydrogen-bonded cage of water molecules [64] that has the tendency to 
agglomerate and block the flow path [65-67]. In severe case, hydrate also 
  17 
___________________________________________________________________________________________ 
 
can damage the valves, production instrumentations, and facilities. 
Nanotechnology also can be utilised as an anti-agglomeration agent for 
hydrate formation. One of the examples is to use Ni-Fe nanoparticles as an 
agent dissolve hydrate formation [68]. The size of the Ni-Fe particles is small 
enough (50 nm) to penetrate the cavity of the hydrate (86-95 nm). The 
temperature of the Ni-Fe particles increase by themselves up above 40oC 
and magnetized due to hysteresis and relaxation process [69, 70]. This 
occurrence disturbs the thermodynamic equilibrium of the hydrate and 
dissolves the hydrate establishment. 
Deposition of wax and paraffin is also a challenging problem for the 
flow assurance in the oil production flowline. Wax and paraffin, that are 
originally soluted in the produced oil, precipitate due to the reduction of 
temperature, pressure and the amount of dissolve gas in the flow line. The 
severity of the precipitation depends on the amount of the paraffin originally 
in the fluid. However precipitation is the worst in location with low 
geothermal gradient and temperature [71]. An example of nanoparticle that 
can be used to combat wax and paraffin precipitation is Co-Ni nanoparticles 
[72]. To fight the wax and paraffin precipitation in the flowline, the Co-Ni 
nanoparticles are introduced with an exclusive polymer into the annulus of 
the production well throughout the lifetime of the well. Magnetic fields in the 
casing force the Co-Ni nanoparticles to vibrate and heat up. This 
temperature increase will melt the precipitated wax and paraffin in the 
flowline. 
Scaling also can happen in the reservoir, blocking the rock pores and 
significantly reducing the total flow. Central tendency of the pore-throat size 
for a conventional reservoir rocks is 2 mm in diameter, 0.03 mm to 2 mm in 
tight-gas sandstone, and 0.005 mm to 0.1 mm in shales [53]. On the other 
hand, the size of a nanoparticle is much less than this magnitude i.e. 1-100 
nm [37, 38] , allowing the nanoparticles to penetrate deeper to the reservoir. 
Adding nanoparticle to the scaling inhibitor (SI) increases the attachment of 
the SI onto the formation rock and enhances its lifetime regardless the 
temperature effect in the reservoir [35].  
 
2.4.2 Nano-fluids 
Synthetic nanoparticles also can be manufactured as an ingredient of 
the drilling mud to enhance the mechanical, thermal, electrical and magnetic 
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properties. Mud suspension is utilised in order to maintain the pressure 
balance between the formation and the wellbore while well drilling is 
conducted. In addition, the mud suspension also has a necessity to 
decrease the temperature of the bottom hole assembly and to bring rock, 
debris and monitoring signals to the surface. Customizable nanoparticles 
can be added to improve the property of muds towards these functions [38]. 
The nanoparticles also can be added to completion fluid to enhance its 
property as needed.  
The tendency of nanoparticle to be agglomerated and adsorbed on 
the rock surface can be problematic if the nanoparticles are intended to 
inject far into the rock pores. To reduce this tendency, the nanoparticles can 
be coated by special substances that reduce the particles attachment on the 
rock hence it can be transported inside the pore system for a long distance. 
One example of the coating type that is suitable for this purpose is by 
introducing a super-paramagnetic property to the nanoparticles. The super-
paramagnetic property induces an oscillating magnetic field that creates an 
interface motion between the disperse nanoparticles and the carrier fluids at 
the pore scale with the effect of a magnetic force is in place [73, 74]. The 
dispersion of the nanoparticle in the carrier fluids due to the super-
paramagnetic property is quite stable even for a high salinity system. This 
occurrence is caused by the presence of electrostatic repulsions between 
the nanoparticles and the negatively-charge sandstone and carbonate 
lithology [75, 76]. The coated nanoparticles can be utilised as a tracer to 
monitor immiscible fluid distribution in the subsurface in order to bring up the 
detail image of the subsurface [77, 78]. This tracer can be used to gain more 
advance subsurface mapping in order to increase the certainty of finding the 
oil and gas in the rock formation.  
The petroleum industry also has started to review the possibility of 
implementing the nanotechnology as a pivoting role to enhance the oil 
recovery [33, 79-82]. One important aspect in enhancing the oil recovery is 
to chance the natural wettability of rock from oil wet to water wet [83]. Oil wet 
property is an affinity of rock to adsorb oil than other fluid, and water wet 
property is an affinity of rock to adsorb water than other fluid. Oil extraction 
from rock formation with water-wet property is conducted easier than from 
rock formation with oil-wet property. Nanotechnology has a good prospect to 
alter the rock wettability from oil wet to water wet. Certain nanoparticles in 
solution creates an extra osmotic pressure that drives and induces the oil 
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delamination from the rock surface [84, 85]. One of the possible applications 
is introducing magnesium and sulphate ions to alter wettability of an oil-wet 
calcite surface into a water-wet surface [86, 87]. 
In oil and gas industry, water production should be minimized 
because its mobility is higher than the produced oil. Water production as well 
brings unwanted problems to the flow assurance, e.g. corrosion and scaling 
problem [88]. Nanotechnology also can be utilised for shutting of water zone 
in the well effectively. Adding bentonite type of nanoparticles into a hydrogel 
gives a positive result of establishing nano-hydro-gel to plug fracture area 
that produces water from the formation [89].  
Fine particles migration in the rock formation can introduce many 
problems, for example reduce of rock permeability, adding skin to the 
surrounding formation of a production well, even to induce severe sand 
problems to the production system. It is discovered that fines migration can 
be reduced by introducing MgO, SiO2, and Al2O3 nanoparticles into the 
reservoir [8]. Soaking the porous material with these nanoparticles increases 
the ability for the fine grains sticking on the rock grains and hindering the 
migration. In detail, adding 0.1 wt.% of MgO and SiO2 nanoparticles reduces 
the fine migration by 15% compare to the reference case without 
nanoparticle utilisation. The utilisation of the MgO is more effective even for 
a high flow rate when it is used at higher concentration. 
Although there are many possibility of nanoparticle utilisation in the 
reservoir, the real challenge is the manufacture and the transport of the 
nanoparticles in to reach the designated location in the reservoir [90]. 
Therefore, it is essential to study the transport behaviour of the injected 
manufactured nanoparticles in porous media. 
 
2.4.3 Other nanotechnology innovations 
Nanotechnology allows further discovery and innovation for material 
that has improved properties. The use of nanotechnology in electronics and 
communications gives better quality and performance. One of the recent 
innovations is the nanosponge. Nanosponge is a reusable highly 
hydrophobic but petrophilic substance which can be used to remove the oil 
spill from water [91]. The oil that is absorbed in the nanosponge can be 
extracted or burned, with the nanosponge remain intact.   
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Nanosolar is also an option for energy source. The surface area to 
volume of a nanoparticle is large due to its small size. This allows the solar 
energy to be transferred efficiently. In addition, nanoparticles can be 
manufactured as demand that in agreement with the standard of health, 
safety and environment [92, 93]. There also is a possibility to develop 
nanobots, which are programmable tiny robots that can be used to reach 
difficult areas in the industry (e.g. flow lines, reservoir, etc.) to perform 
surveillance or maintenance [94].  
 
2.5 Challenges of Nanotechnology Development and 
Application 
Nanotechnology has a bright future recalling the usage to overcome 
current challenges in the oil and gas industry. Furthermore, it offers 
promising advances in many other sectors, such as material technology, 
energy, electronics, medical technology, biotechnology, and many other 
applications. There are also many available rooms for possibilities for its 
innovation and application. This helps to discover higher quality materials 
with longer lifespan, less maintenance, environmentally customised, thus 
resulting a more efficient industry. 
Nanotechnology is the results of a complex interdisciplinary 
interaction, thus a wide range of research and study is compulsory. Let 
alone the research and the study, this new technology also needs 
manufacture system and real-on-field application. Successful and 
unsuccessful result should be experienced in the process.  
Currently, it is conceivable that this technology demands high focus 
and capital. Furthermore, any commercial success for this technology is also 
still arguable at least for the short future [38]. However, it is certain that the 
contribution of the nanotechnology in the future will become more vital since 
it can be applied in almost any aspect for a higher life standard. 
There are some practical challenge for the development and 
improvement of the nanotechnology, which are related to the employment 
sectors, education level, regulation and investment. 
Employment sectors: A new technology that offers more application that is 
efficient might bring disadvantages. For example, nanotechnology can be 
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applied to manufacture a lighter and stronger material. It is understandable 
that less maintenance is required for this material. It is also easier to be 
transported from one location to another. This by chance can results the 
rising of unemployment in certain sectors. However, other sectors shall 
revitalise, for instance the raw material suppliers, accesses to the 
nanotechnology research facilities and factories. For large scale of research, 
facilities and factories require more supports such as housing for the 
employees, security, caterers, advertisement, etc. These will balance, even 
adding the sector for employment.  
Education level: Experts in nanotechnology are needed to guarantee the 
sustainable and continuous development of the nanotechnology. Let alone 
the experienced experts, it is also important the level up education of the 
people of the nation. High educated people will easily adapt with new 
technologies, even to provide feedback for improvements. This will have a 
mutual benefit where supply and demand from the producer and consumer 
will balance and supporting each other [95]. 
Regulation and investment: Nanoparticles can be syntheses from any 
material, yet a comprehensive study for the benefit and the impact for 
humans and the environment are necessary. Validation methods are 
required to measure the toxic level of the synthesized nano-material, 
including the model for prediction. In addition, it is a challenge to develop an 
assessment tool and reverse system if the nanoparticles are harmful to 
human and environment [96]. Moreover, it should be beneficial if the 
nanoparticles can be synthesized from recycled waste. Therefore, the role of 
the government becomes important where there should be a proper and 
clear regulation system to control and monitor the syntheses and utilization 
of the nanotechnology. The supportive regulations also are required to invite 
the domestic and international investors for providing the capital support. 
The stakeholders of the oil and gas industry also welcome to contribute to 
the emerging of the nanotechnology, especially since the applications 
directly intersect with the necessities in the industry. 
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2.6 Scale management 
2.6.1 Definition and the effect of scale 
Scaling is a common problem happens in the oil industry. Scale is a 
crystalline deposition that is brought by produced water from the reservoir. It 
occurs in the flow path of the hydrocarbon that may hinder the production 
significantly. A picture of a heavy scale deposition in a section of production 
pipeline is displayed in Figure 2.5. Typically the oilfield scales consist of one 
or more types of inorganic material. Some other debris might be as well 
included, such as sand, corrosion product, organic precipitates, etc. [97].  
 
 
Figure 2.5: Picture of a heavy scale deposition (After Statoil, 2007)[98] 
 
Scale deposition can cover the surface of almost any material, such as 
rock or metal. Scale problem can be happening along the production 
facilities, pipeline, valves, downhole equipment, perforation, and the rock 
formation itself. Many further problems happen due to scaling deposition. 
Deposition that happens near the wellbore area, perforation or the gravel 
pack introduces formation damage (skin) to the production system. Scale 
that is deposited in the flow line reduces the flow assurance in the 
production system. In severe condition, scaling problem can even block the 
flow line completely. Scaling deposit also can reduce the lifetime of the 
production facilities, e.g. induces failure to the safety valve and chokes, 
wears the pump, and induces corrosion along the production system. Some 
scales even contain some radioactive materials such as the uranium, radon, 
and radium. This radioactive scale ingredients, which is also known as 
NORM (Naturally Occurring Radioactive Material), are hazardous in the term 
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of Health and Safety Environment [99]. Therefore it is urgent to cope with 
scaling problem, as well to prevent its formation.  
 
2.6.2 Formation of scale 
Scaling happens due to its nature to deposit by itself (self-scaling) or 
due to chemical reactions [100]. “Self scaling” means that the scale 
deposition occurs due to the alteration of pressure and temperature. When 
the fluid is produced from the reservoir rock formation to surface, pressure 
and temperature change causing salt precipitation from the brine water. This 
salt will attach itself on the surface of rock and other materials as scale. The 
example of this type of scale is calcite deposition, where CO2 in the water is 
released as the pressure decreases. The release of CO2 removes the 
carbonic acid that bind the dissolved calcite in the water. Temperature 
decrease might also decrease the solubility of calcite in the water. 
Carbonate precipitation occurs due to alteration of pressure and/or 
temperature on site which chemically reacts as follows. 
ܥܽଶାሺ௔௤ሻ ൅ 2ܪܥܱଷି ሺ௔௤ሻ ൌ ܥܽܥܱଷሺ௔௤ሻ ൅ ܥܱଶሺ௔௤ሻ ൅ ܪଶܱሺ௔௤ሻ 
The second cause of scale construction is the chemical reaction of 
the incompatible water composition. The example for this occurrence is the 
development of the barite scale, which is caused by the mixing of the high 
sulfate in the sea water and barium in the formation water.  
Some of common mechanisms of the scaling formation due to 
chemical reaction of the incompatible brines are shown below: 
 Deposition of barium sulphate 
ܤܽଶାሺ௔௤ሻ ൅ ܵ ସܱଶିሺ௔௤ሻ ൌ ܤܽܵ ସܱሺ௔௤ሻ 
 Deposition of strontium sulphate 
ܵݎଶାሺ௔௤ሻ ൅ ܵ ସܱଶିሺ௔௤ሻ ൌ ܵݎܵ ସܱሺ௔௤ሻ 
 Deposition of calcium sulphate 
ܥܽଶାሺ௔௤ሻ ൅ ܵ ସܱଶିሺ௔௤ሻ ൌ ܥܽܵ ସܱሺ௔௤ሻ 
Type of scales that typically happens in the oilfield is shown by Table 2.1: 
 
 
  24 
___________________________________________________________________________________________ 
 
Formula Scaling Mineral 
BaSO4 Barite 
CaCO3 Aragonite, Anhydrite, Calcite, Gypsum and Vaterite 
Caf2 Fluorite 
FeS Mackinawite 
FeS2 Pyrite 
NaCl Halite 
PbS Galena 
SrSO4 Celestite 
ZnS Sphaerlite 
Table 2.1: Types of mineral scales in oilfields (after Jasinski, 2004) [100] 
 
2.6.3 Treatment of scale 
It is risky and sometimes very expensive to remove scale, even 
though wide selections of chemical and mechanical remedial methods are 
available. For the case with a severe scaling problem, changing the flow 
facilities or instrument sometimes is unavoidable. It is believed that “scale 
prevention is better than curing”.  
Scientists and experts have conducted years of thorough study to 
understand the rock formation and ways to overcome the scaling problem [5, 
101-104]. Many treatments have been developed to handle scaling problem 
and the most common treatment is the scale squeeze treatment.  
A frequent way to precede this attempt is to introduce scale inhibitor 
to the system. The purpose of inducing the scaling inhibitor is to cover the 
active scaling crystal that form the scale, and hinder those crystals to join 
together, building up further scale. Inhibitors are manufactured with 
phosphorous containing chemical compound are commonly used for this 
attempt [105]. A common method use to deliver the inhibitor is the one 
known as “scale inhibitor squeeze”. 
In the treatment, a solution that contains scale inhibitor is injected into 
the formation. Then some of the inhibitor will stay on the rock surface, and 
the rest will slowly detached itself back into the produced water phase.  
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There are 2 types of inhibitor squeeze treatments according to the  
attachment mechanism to the rock surface [100]: 
1. Adsorption squeeze, where inhibitor is to be adsorbed onto the rock 
surface by a physio-chemical process. The mechanism happens due 
to the electrostatic and isothermic van der Waals interaction between 
the inhibitor and the formation minerals. This mechanism is a function 
of the temperature, pH, mineral substrate and cations (e.g. Ca2+). The 
retaining time is the most effective in sandstone environment, which 
is about 3 to 6 months. 
2. Precipitation squeeze, where inhibitor is to be phase-separated onto 
the rock surface by adjusting the pH, and temperature, and the ion 
concentration of the inhibitor. The purpose is to place more than one 
type of inhibitor per scale squeeze. The life time of this treatment 
could exceed the adsorption squeeze. 
As a scale inhibitor, it is common to uses phosphonate based 
chemical to prevent scale nucleation and formation [106].  In the scale 
squeeze treatment, the scaling inhibitor is induced in to the production 
system according to a certain procedure, which commonly includes injection 
of preflush, pill, overflush, and well shut in period [107]. The details of the 
procedure are found in APPENDIX A.  
The success of the scaling inhibitor injection is observed by 
investigating the return profile of the return ‘waste’ concentration of the 
inhibitor. Successful scale squeeze is when the return inhibitor concentration 
is at or above the critical concentration needed to prevent scaling. This 
critical concentration is known as MIC (Minimum Inhibitor Concentration). 
Good inhibitor should be able to have good interaction attaching itself with 
the rock matrix for quite long period. It also should be stable in the formation 
environment and the brine system, without significantly reduce the 
permeability of the formation itself. Then, the inhibitor concentration that 
comes from the return waste is plotted against the time. The example of the 
plot is displayed in Figure 2.6. At the beginning, a large amount of the 
inhibitor will return to the surface, which is shown by rapid decrease of 
inhibitor concentration curve shown in the figure. After some time, the 
inhibitor concentration the curve is slowly declining until it reaches a defined 
level of Minimum Inhibitor Concentration (MIC). A successful scale squeeze 
treatment is when this curve does not fall below the designed MIC, which 
means scale deposition is not happening in the system. When the line drops 
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below MIC level, inhibitor is required to be injected again in the system. The 
level of MIC is obtained from the core flooding experiment in laboratory. An 
example for the curve with the MIC is shown by the Figure 2.7. In the figure, 
the MIC level is displayed as the minimum inhibitor range.  
 
 
Figure 2.6: Illustration of a general curve of inhibitor concentration vs. time 
for any scaly inhibitor (reproduced from Jasinski, 2004) [100] 
 
The lifetime of the scale squeeze treatment depends on the 
concentration of the inhibitor injected during the treatment, the characteristic 
of the inhibitor and the inhibitory performance [108]. The selection of 
inhibitor and injected fluid should be conducted according to the type of the 
formation. In the operation, sometimes inhibitors are mixed with other 
chemical substance. A wrong selection might bring harmful outcome. When 
the mixed inhibitor is injected through the flow line, it might form a thin layer 
on the surface of the flow line and alters its original properties [22, 23]. 
Altering the surface properties of the flow line might lead to a contra-
productive result to the flow assurance. Some inhibitor chemical also might 
include hazardous material as its ingredients, e.g. phosphorous substance 
or heavy metals, that are harmful to the environment [24]. Therefore it is 
wise to have this scale squeeze treatment well-planned. The utilisation of 
inhibitor that is ‘green’ to the environment is also necessary [25-27]. The 
utilisation of the green inhibitor has four objectives, i.e. to eliminate the 
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environmentally discharge, minimise potential compatibility problems, 
reduce cost, and green for the environment [28].  
 
 
Figure 2.7: Inhibitor return curve showing the range of the Minimum Inhibitor 
Concentration, MIC. (reproduced from Jasinski, 2004) [100] 
 
 Enhancing the lifetime of scale inhibitor attachment has attracted 
much research attention, e.g. by inducing an improved precipitation and 
adsorption additive for the scale inhibitor [109, 110], utilisation of cross-
linking inhibitors [108] and altering pH solution, calcium for the adsorption of 
the squeeze treatments [109-111] and applying kaolinite to modify the 
properties of near wellbore surface [112-114]. 
Considerable amount of studies has been conducted to understand 
the adsorption of the scale inhibitor in the formation. Baraka-Lokmane and 
Sorbie [115] investigated the adsorption of scale inhibitor in the carbonate 
core for various concentration and pH values. They discovered that the 
effluent pH of the injected brine with pH 4 and 6 was stabilised at level 7 
where the level of calcium and magnesium remained constant on these pH 
levels. Calcium dissolution was observed for injection of brine with pH 2 
where pH of the system was increased above 8. It was also discovered that 
more calcium dissolution observed in the environment with high 
concentration of Scale Inhibitor (SI) and low pH. Their experiment also 
shows that the SI bonds quite strongly with both calcium and magnesium in 
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this condition. The effect of Ca dissolution dominates the retention of Ca-SI. 
Therefore, the calcium always shows an increase on the effluent injection. 
The Mg effluent, however, shows a clear dip on the placement and peak in 
the postflush. The model developed that follows Freundlich adsorption 
isotherm mechanism satisfied a simple adsorption model, however it did not 
represent all that was happening in the floods. Gdanski [116] discussed how 
formation mineralogy can improve successful design of scale squeeze 
treatments. He stated that the main stage of squeeze treatment should 
consist of no more than 5% inhibitor product at pH neutral. If swell-able clays 
are present in oil-bearing layers of the producing well, the base fluid should 
consist of 1 Molar brine. Typical overflush volume is ranged between 2 to 8 
of the volume of the inhibitor main stage, depending on formation porosity, 
total mineral content, and compositional distribution of non-quartz 
mineralogy. He also proposed that the compatibility of the main stages with 
formation fluid should be achieved with preflush, and not by lowering the pH 
of the main stage since the dissolution of the CaCO3 and percolating of 
aluminium from clay.  
Many also have been trying to develop models and simulators to 
model the adsorption process of scale inhibitor. Hong and Schuler [117] 
developed a mathematical model to describe the process of scale inhibitor 
adsorption based on derived algebraic equations. The results from the 
simulation were validated with field and laboratory data. It was found that the 
model provided the most conservative prediction of the squeeze lifetime 
since it still requires incorporation of the kinetics effect when the resident 
time is short compared with the time require to reach equilibrium. Zhang and 
Sorbie [118] developed a two-phase multi-component near well bore 
numerical modelling to simulate scale inhibitor squeeze treatment for 
horizontal wells as it requires modification compare with the treatment in the 
vertical wells. They claimed that the simulator could be used for preliminary 
assessment and design of the treatment in the horizontal well. The result of 
the simulation was comparable to result from ECLIPSE, which is commercial 
transient reservoir simulation software in the oil and gas industry. However, 
the calculation only use one set of squeeze operational data, i.e. preflush, 
injection, and overflush parameter, therefore general conclusion cannot be 
made from the limited simulation. Sorbie et.al. [119-121] investigated and 
modelled the coupling of adsorption and precipitation of the Scale Inhibitors 
(SI) in porous media. The study was conducted by laboratory experiment 
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where the system exhibited either adsorption only or the coupling of 
adsorption and precipitation. The modelling for the adsorption follows the 
Freundlich adsorption isotherm mechanism and the precipitation follows the 
formation of the calcium salt on the SI that include the equilibrium solubility 
product, Ksp. Coupling of the two mechanism results in an equation to solve 
that can predict the apparent adsorption of the SI where both of the 
adsorption and precipitation mechanisms occurred. The results agreed 
qualitatively with the experiment conducted.  
In the oil and gas industry, nanoparticles can be injected into the 
reservoir to cover the surface of the rock and alter the property of the 
reservoir rock’s surface area [6, 7]. This alteration of the rock property has 
potential for implementation to enhance the attachment lifetime of the scale 
inhibitor. Shen et.al. [122] investigates the control placement of scale 
inhibitor in the formation with stable Ca-DTPMP (Diethylene-triamine-
pentatakis) nanoparticle suspension in porous media. DTPMP is commonly 
used in the oil industry as a scale inhibitor. Incorporating the DTPMP with 
calcium might enhance the adsorption of the scaling inhibitor [109-111]. In 
the study, the Ca-DTPMP is coated with Poly-Phosphino Carboxylic Acid 
(PPCA). In the study, PPCA acts as a dispersant to stabilise inhibitor 
nanoparticles in the aqueous solution. PPCA increases the Ca-DTMP 
negative surface charge, reduces the particle deposition, and increases the 
particle movement in porous media. In their study, they also included KCl 
concentration in the system. They found that the increase of the KCl 
concentration increase the adsorption of the PPCA-coated Ca-DTPMP. 
PPCA is common to be used in the oil industry to treat the produced water 
because of its nature to have a strong inhibition capability [123].  Ghorbani 
et.al. [35] conducted a laboratory experiment to investigate the adsorption of 
PPCA as a common scale inhibitor onto a C-based nanoparticle (CBN).  The 
experiment is validated by comparing the result with the attachment of 
PPCA on North Sea sands, silica powder, and porous silica particles. Since 
the adsorption is highly proportional with the surface area, it is presumed 
that the surface area of all samples is similar. They discovered that there is 
no PPCA adsorption on the silica sands. This happens because the 
presence of calcium ion is needed for the PPCA adsorption [124]. However, 
it is discovered that the attachment of the PPCA on the Carbon Nano-tube 
(CNT) is significantly higher than on various types of sands, even without the 
presence of any calcium ion. The adsorption time of the PPCA on the CBN 
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was only 30 minutes, compared to hours for typical squeeze treatment. 
Therefore, CBN has a potential as a mediator for adsorption. They 
suggested that the mass of the adsorbent was the key factor in the 
adsorption of the PPCA on the CBN as it related directly to the active site of 
the nanoparticles [35]. 
Zhang et.al. [90] developed a synthesis route for constructing nano-
meter-size metal-phosphonate particle to use for scale inhibitor. The size of 
the synthesised particle is about 50-200 nm and can withstand 70oC in 2% 
KCl for more than one week. Zhang and co-workers [125] continued the 
study by incorporating zinc to the DTPMP based on the previous discovery 
that adding the first transitional element cation (e.g. zinc) in the phosphonate 
inhibitor solution could enhance the inhibition efficiency and the squeeze 
lifetime of some scale inhibitors [126]. They utilised zinc chloride to the 
surface of 22-nm silica particle, then followed by a gradual induction of 
DTPMP to form a nanometer-sized particles in the presence of sodium 
dodecylbenzene sulphonate (SDBS). Then the nanoparticles are transported 
in to crushed packed columns of calcite and sandstone. Investigating the 
normalised return volume profile, they stated that the inhibitor long-term 
return flow and the squeeze lifetime have improved by a factor of 60 without 
significantly affecting the cost.  
For a high temperature environment, polymeric scale inhibitors have 
a better performance to avoid scaling problem than phosphonate due to its 
nature of the thermal stability [127-130]. Yan et.al. [131-133] developed 
polymeric scale inhibitor nanoparticles that is synthesised from Boehmite (γ-
AlO(OH)) nanoparticles with size from 3-10 nm. The Boehmite nanoparticles 
are used to cross-linked sulphonated polycarboxylic acid (SPCA) to increase 
their adsorption in the formation by converting free water-soluble scale 
inhibitor into a viscous gel.  
Sorbie et.al. [134] studied the effect of including mutual solvent (MS) 
on a scale squeeze treatment for single and multilayer near well system 
design model, for high and low water cut. Including the MS in the preflush 
increases the scale squeeze treatment clean up time without altering the oil 
production. However, the pressure drop for production is lower and 
beneficial for the fluid mobility from the reservoir. 
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2.7 Modelling transport and adsorption in rock formations 
Nanotechnology is a new technology and there are yet many 
literatures that discuss modelling of transport and distribution of 
nanoparticles in porous media that is related to the oil and gas industry. It is 
also challenging to model the transport and distribution of nanoparticles in 
porous media. Since a nanoparticle has a large surface area per unit 
volume, nanoparticles tends to agglomerate and difficult to remove from 
stationary porous media. 
In the modelling of nanoparticle transport, usually the nanoparticles 
are simplified as a volumetric concentration of diluted species due to the 
nature of the nanoparticle size [39, 135]. This treatment is valid because in 
the injection, nanoparticles are diluted in solution that is known as nano-
fluid. The contrast in magnitude between a nanoparticle and the pore 
channel is also significant.  However, it is important to also assume that the 
diameter of the nanoparticle is constant, which means no agglomeration 
[136]. If agglomeration is considered, the process catalyses further 
agglomeration mechanism until the nanoparticles can no longer treated as 
concentrations.  
There are many ways of modelling porous media in rock formation. 
Porous media is modelled as a network of pore throats that is present in a 
core sample. In this pore system, the flow can be approached with Darcy’s 
law where the pore configuration is represented by permeability.  
 
  
 Figure 2.8: Illustration of the basic element of Hydraulic Pore Network 
(Hypon) (reproduced from El Amin et.al, 2004 [136]) 
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(a) CO2 saturation after 2 months injection 
 
(b) CO2 concentration after 2 months injection 
 
(c) Porosity ratio φ/φo variation after 2 months 
of CO2 injection 
 
(d) Permeability ratio K/Ko variation after 2 
months of CO2 injection 
Figure 2.9: Result of simulation for after 2 months of CO2 injection 
(reproduced from El Amin et.al, 2012 [136]) 
 
One example of study of nanoparticle transport in porous media is the 
one conducted by El-Amin, Sun, and Salama [136] who developed a 
mathematical and numerical model for simulating diluted nanoparticles 
transport in an injected CO2 in two-phase immiscible compressible flow in 
heterogeneous porous media. The domain of the model is 2D rectangle with 
certain boundary condition as it is shown in Figure 2.8 (left). Darcy’s law 
and equation of mass conservation are implemented in the study where the 
solution is obtained based on the Cell-Centered Finite Difference (CCFD) 
and the Implicit Pressure Explicit Saturation-Concentration (IMPESC) 
scheme with consideration of buoyancy effect, capillary force, and Brownian 
diffusion. The CCFD utilised is illustrated in Figure 2.8 (right). In the 
modelling, the transported species was treated as a moving diluted species 
in a two-dimensional porous media. The simulator can predict the 
distribution of nanoparticles and the ratio of the porosity and the permeability 
in a planar domain for different time steps, where examples of the results 
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are shown Figure 2.9. Based on the simulation, they found that 
nanoparticles in CO2 reduce the saturation of the non-wetting phase in the 
porous media significantly. It also found that the nanoparticle reduces 
porosity and permeability. Using similar numerical approach, El-Amin and 
other co-workers [137] expanded the study in establishing numerical 
modelling of nanoparticle transport with two-phase flow in porous media. 
Two dimensional porous with regular heterogeneous and random 
permeability cases were used as the domain of the study, which is illustrated 
in Figure 2.10 (a) and (c) respectively. Nanoparticle concentration is 
injected to the domain from the left boundary and the propagation is 
observed. The results for each permeability case are shown in Figure 2.10 
(b) and (d) for the regular heterogeneous permeability and random 
permeability case respectively. The model developed can predict the 
distribution of injected nanoparticles in permeable porous media. It also can 
predict the reduction of porosity due to the precipitation of the nanoparticles 
in the domain. 
 
 
(a) Regular heterogeneous permeability 
 
(b) Nanoparticles normalized concentration 
of the heterogeneous permeability case 
 
(c) Random permeability case 
 
(d) Nanoparticles normalized concentration 
of the random permeability case
Figure 2.10: Tested medium of the simulation. For the permeability, blue 
legend is 20 mD and red is 200mD, for nanoparticle concentration, 
blue legend is 0.005 and red is 0.08 (dimensionless) (reproduced 
from El Amin et.al, 2012 [137]) 
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(a)  
 
 
(b) 
 
Figure 2.11: (a) Porosity and (b) permeability distribution along the 
dimension distance at different injection PV (reproduced from Ju and 
Fan, 2009 [39]) 
 
Another example for the mathematical model for nanoparticle 
transport in porous media is the one developed by Ju and Fan [39]. In order 
to investigate the physical properties of the injected Polysilicon Nanoparticle 
(PN), they utilised Darcy’s law with combination with Brownian diffusion in a 
sandstone porous media. In the study, the PN was treated as a volumetric 
concentration that was transport in the pores. The properties of the 
sandstone were previously investigated using a mercury injection 
experiment. The attachment of the PN inside the porous media was 
investigated by Transmission Electron Microscope (TEM). The alteration of 
wettability from oil wetting to water wetting of the sandstone surface due to 
the attachment of the PN was also discussed. They discovered that although 
the PN injection decreased the absolute permeability of the porous sample, 
it increased the water injectivity 1.6 to 2.1 times of the original value. This 
happened because the adsorption of the PN on the pore surface and the PN 
plugging at the pore throat. Then, Ju and Fan established a one-dimensional 
numerical simulator for PN transport in porous media to simulate application 
examples based on the data. In their simulator, the flow is assumed to be 
one dimensional, isothermal condition, incompressible system, 
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heterogeneous porous media, gravity force is neglected, discretisation of 
nanoparticle into n size interval, and Newtonian fluid with constant viscosity 
and density. The distribution of porosities and permeabilities, the alteration 
of water injectivity and oil recovery was modelled in the simulator, which 
examples of the results are found in Figure 2.11. They found that the PN 
was effective to improve water injectivity and improve the oil recovery.  
 
 
 
(a) 
 
 
 
(b) 
 
Figure 2.12: (a) Comparison between numerical results and experimental 
data, (b) Distribution of the component in the oil phase after 0.33 PV 
of CO2 injection (reproduced from Ju and co-workers, 2012 [138]) 
 
Ju and co-workers [138] continued investigating CO2 miscible-
flooding for enhance oil recovery. It was not an investigation for nanoparticle 
transport in porous media, however the modelling of the flow mechanism of 
the CO2 in the porous media is valuable to mentioned. The simulation was 
conducted for one-dimensional miscible flooding model, where the results 
were compared with slim tube experimental data. The mathematical 
governing equations utilised were multiphase Darcy’s law and multi 
component diffusion with adsorption and precipitation considered. The 
mathematical governing equations for the model were discretized in space 
using an integral finite difference method. The oil formation was assumed 
heterogeneous and compressible with heat transfer considered. These 
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assumptions are taken to resemble actual reservoir condition. The physical 
properties of the fluid were treated as mass components that include oil with 
some pseudo-oil components, H2O and CO2. The mass components were 
also allowed to be adsorbed on the rock surface. It was also assumed that 
the flooding process was miscible and the formation damage was caused by 
asphalthene deposition on the pore wall. Iteratively the nonlinear equation 
system for mass and energy conservation was solved using the Newton-
Raphson method. Using the simulation, they can predict the oil recovery 
increases approximately linearly with the continuous injection of CO2 until 
0.90 pore volume of injected CO2 as it is shown in Figure 2.12 (a). In 
addition, the mol fraction of the injected CO2 and the displaced hydrocarbon 
at along the model during the CO2 injection as it is shown in Figure 2.12 (b). 
The simulation shows that the CO2 displaces the in-place hydrcarbon with 
piston-like mechanism, which is shown by the flat displacement front at the 
Figure 2.12 (b). Hence, they applied the methodology for a three-
dimensional porous geometry. The porous geometry is discretized into two 
grid selections, i.e. cubical grid mode and hybrid grid mode, which is shown 
in Figure 2.13 below. They found that the distribution of the CO2 in the oil 
phase is affected by the grid direction, hence proposing that the simulation 
results using hybrid grid mode are more accurate than the one using the 
cuboidal grid mode. 
 
 
(a) (b) 
Figure 2.13: (a) Cuboidal grid mode, (b) Hybrid grid mode (reproduced from 
Ju and co-workers, 2012 [138]) 
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(a) 
  
(b) (c) 
Figure 2.14: Schematic illustration for (a) geometric model of porous media 
constructed from parallel capillaries and mixing chambers. (b) detail 
illustration of a single chamber with suspension mixing, (c) transversal 
flow cross section of the model of porous media (reproduced from 
Bedrikovetsky, 2012 [139]) 
  
The geometry of the porous media can be approached by modelling 
the domain as a set of parallel capillaries. As an example, Bedrikovetsky 
[139] used this approach by illustrating the porous media as a parallel set of 
capillaries that was alternated by mixing chambers. The illustration is shown 
in Figure 2.14. Parameter l in the figure is the distance between the 
chamber volume and it was assumed that the chamber volume is small 
compared to the capillary volume. Although the capillary pipes were used to 
approach the porous media, the capillary pipes themselves are not 
considered as the domain. Instead, this geometry assumption was used as a 
starting point to establish the domain of porous media by defining the 
porosity of the domain as the ratio of the surface of the total pore cross 
section with the total rock cross section. The porous space geometry was 
defined via number of pores with size variation that cross the unitary cross 
section. The total pore concentration was obtained from the integral of the 
pore concentration distribution. Particles in various sizes were transported 
inside the capillaries to the chamber. Large particles do not enter thin pores 
and then are captured at the outlets of the chamber. Additionally, the volume 
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of the chamber was neglected compare to the pore volume. Then, he 
conducted a simulation of the concentration transport using a self-proposed 
microscale population balance equations derived for suspension transport in 
porous media with several particle capture mechanism, e.g. particle 
captured due to plugging. Poiseuille-type flow in cylindrical pore coupled 
with Darcy flow is utilised. The simulator was able to predict fractional flow 
function of the porous space where the example of the result is shown in 
Figure 2.15. The simulation results then were validated with a laboratory 
test of mono-sized particle flow. There were deviations between the 
simulation and the laboratory test; however, the modified model did not 
explain the reason behind the discovered deviations. 
 
Figure 2.15: Fractional flow function for network model of the porous space 
derived from a bundle of parallel capillaries alternated by mixing 
chambers (reproduced from Bedrikovetsky, 2008 [139]) 
 
Bedrikovetsky [140] continued the work with some co-workers 
deriving mathematical model for particle detachment based on mechanical 
equilibrium of a particle positioned on the internal cake matrix surface in the 
pore space. Instead of only considering the diffusion effect and 
concentration differences, the model developed considered the torque 
balance of the drag, electrostatic, lifting and gravity forces on the particles 
from the matrix and moving fluids. The illustration of the forces for the 
particles is shown in Figure 2.16 below, that includes Fl (lifting force), Fd 
(drag force), Fe (electrostatic force), Fg (gravity force), ln (the length 
corresponds for the normal force) and Id (the length for the drag force). The 
balance of the force is shown by Equation 2.1.  
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Figure 2.16: Forces and force moment balance for the particle located on 
the internal cake surface. (reproduced from Bedrikovetsky, 2011 
[140]) 
 
 ܨ݈݀݀ ൅ ܨ௟݈௡ ൌ ൫ܨ௘ ൅ ܨ௚൯ ݈௡ (2.1)
 
The torque balance has the significant role to determine the 
maximum retention during the particle capture. The equilibrium of the 
particle torque was determined by a dimensionless ratio between the drag 
and normal forces acting on the particles. Particle capture in the domain is 
governed if the total torques for electrostatic and gravity forces prevails over 
that for drag and lifting forces, so the resulting torque presses the particle 
towards the matrix or the internal cake. An exact solution for the one-
dimensional core flooding model for porous media that utilising Darcy flow 
was established for limited particle retention in a constant filtration of a one-
dimensional core flood simulation. This model could predict the maximum 
retention concentration and the breakthrough of injected concentration that 
are then validated qualitatively using two core flood tests.  
You et.al. [135] that presented an analytical mathematical model for 
nanoparticle concentration transport and retention in oil rock grain under net 
repulsion condition between the particles and the rock matrix. The simulation 
conducted follows an analytical method whose governing equations utilised 
the method proposed Bedrikovetsky [139] that was discussed previously in 
this section. The derivation is based on assumption that the porous media is 
represented by parallel capillary with mixing chambers. The pore throat is 
assumed to be built from the tangent of three 2D circular geometries that 
represents rock grains whose pore throat shape was triangular. The 
maximum pore throat radius that approximately resembles the curvilinear 
pore throat. The illustration for the geometry is shown in Figure 2.17. When 
the nanoparticles are injected, some of them will be suspended, or 
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completely mixed inside the domain and distributed. The model developed 
then was validated with a laboratory test. They stated that using net 
repulsion provides a more efficient way to model a retention mechanism of 
nanoparticles on the rock pores since this method avoids the expensive and 
difficult characterisation of the solid surface interaction. However, they 
utilised many simplifications in their simulation, i.e. incompressible rocks and 
particles, one particle for each one pore plugging, the concentration of the 
captured particles was negligible to the vacant pore concentration, and net 
repulsion considered between the particles and rock matrix. 
 
 
(a) 
 
(b) 
Figure 2.17: Schematic illustration of the pore throat formed by three 
tangent grains and suspension flow through porous media 
represented by parallel capillary with mixing chambers (reproduced 
from You et.al [135]) 
 
Yu et.al [141] developed a 1-D advective and dispersion model that 
include removal term to obtain transport parameters for injected 
nanoparticles without agglomeration. The model was established based on 
an experiment that previously conducted to investigate the transport and 
retention properties of carbon nanoparticles in a clean dolomite core 
material where the carbon nanoparticles were injected into the core along 
with synthetic seawater at room temperature. The governing equation for the 
nanoparticle transport [142] they used follow as below 
 
 ܴ ߲߲ܿݐ ൌ ܦ
߲ܿଶ
߲ݐଶ െ ݒ
߲ܿ
߲ݐ െ ߛܿ (2.2)
Where R is retardation factor, D is the dispersion coefficient (cm2/min), and 
ߛ	(min-1) is the first-order removal rate constant. The first-order removal rate 
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constant is considered in the model if agglomeration is included in the 
modelling. R is written as 
 
 ܴ ൌ 1 ൅ ߩ௕݇ௗߠ  (2.3)
 
Where  ߩ௕ is the rock bulk density, ݇ௗ is the partition coefficient, and ߠ is the 
porosity of the system. They found that the presence of salt ion (in their case 
is KCl) significantly delays nanoparticle breakthrough time and increases the 
retainment. This result is shown by Figure 2.18 where higher amount of KCl 
reduces the magnitude of the nanoparticle concentration ratio at the outlet. 
They stated that the transport, retardation and the retention of injected 
nanoparticles depends on the degree of interaction between the particles, 
salt ion in solution, and the surface of the porous medium.  
 
 
Figure 2.18: Breakthrough curves of carbon nanoparticle in the presence of 
KCl salt (~pH 8.3) (reproduced from Yu et.al [141]) 
 
Vega et al [143] investigated the adsorption of methane in a disordered 
silica xerogel porous media using integral equation theory that was 
developed by Madden and Glandt [144]. The equation is named MGOZ 
(Madden-Glandt-Ornstein-Zernike) equations, because the relations derived 
accommodate solutions from Ornstein-Zernike distribution function.  It is 
shown as equations 2.4-2.8, where ݄௜௝ሺݎሻ ൌ ݃௜௝ሺݎሻ െ 1 relates the fluid-fluid, 
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fluid-matrix, and matrix-matrix total correlation functions, and ܿ௜௝ሺݎሻ is the 
direct correlation function.  
 
 ݄݉݉ሺݎ12ሻ ൌ ܿ݉݉ሺݎ12ሻ ൅ ߩ݉ න ܿ݉݉ሺݎ13ሻ݄݉݉ሺݎ32ሻ݀ݎ3 (2.4)
 
݄݂݉ሺݎ12ሻ ൌ ݂ܿ݉ሺݎ12ሻ ൅ ߩ݉ න ܿ݉݉ሺݎ13ሻ݄݂݉ሺݎ32ሻ݀ݎ3
൅ ߩ݉ න ݂ܿ݉ሺݎ13ሻܥ݂݂ሺݎ32ሻ݀ݎ3 
(2.5)
 
݄݂݉ሺݎ12ሻ ൌ ݂ܿ݉ሺݎ12ሻ ൅ ߩ݉ න ݂ܿ݉ሺݎ13ሻ݄݉݉ሺݎ32ሻ݀ݎ3
൅ ߩ݂ න ݂݂ܿሺݎ13ሻ݄݂݉ሺݎ32ሻ݀ݎ3 
(2.6)
 ݄݂݂ሺݎ12ሻ ൌ ݂݂ܿሺݎ12ሻ ൅ ߩ݉ න ݂ܿ݉ሺݎ13ሻ݄݂݉ሺݎ32ሻ݀ݎ3
൅ ߩ݂ න ݂݂ܿሺݎ13ሻ݄݂݂ሺݎ32ሻ݀ݎ3 
(2.7)
where ܥ௙௙ሺݎଷଶሻ is given by 
 ܥ݂݂ሺݎ12ሻ ൌ ݂݂ܿሺݎ12ሻ ൅ ߩ݂ න ݂݂ܿሺݎ13ሻܥ݂݂ሺݎ32ሻ݀ݎ3 (2.8)
 
In the equations above, subscripts ݉ and ݂ refer to the matrix and fluid 
repectively, and ߩ௠ and ߩ௠ are the number densities of matrix and fluid 
particles respectively. Introducing thermodynamics from integral equation 
theory to the equation derived, numerical method was established to model 
methane adsorption process in a microporous silica gel. From the 
simulation, fluid-fluid distribution function ݃௙௙ሺݎሻ	and fluid-matrix distribution 
function ݃௙௠ሺݎሻ were obtained. Typical result for the simulation for MGOZ 
equation is shown in Figure 2.19 (solid line), where the profile is compared 
with results from Grand Canonical Monte Carlo (GCMC) method (dashed 
line). The grain of the porous media is assumed spheres where r (nm) is the 
radius of the sphere and σ (nm) is the sphere’s diameter. They stated that 
the theory give a decent prediction for adsorbate-matrix and adsorbate-
adsorbate distribution function at temperature that higher than the bulk 
critical temperature. The agreement for the low density is remarkably good; 
however, the simulation does not consider the attractive intermolecular force 
in the system where the effect is dominant in the system with lower 
temperature. 
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Figure 2.19: Fluid-fluid distribution function ݃௙௙ሺݎሻ	and fluid-matrix 
distribution function ݃௙௠ሺݎሻ from the MGOZ integral equation (solid 
line) and GCMC (dashed line) (reproduced from Vega et.al [143]). 
 
The geometry of these previous studies considers the porous media 
as a bulk of porous network of a rock samples. In order to gain access to 
understand the migration of nanoparticles in porous media, it is important to 
investigate particles distribution process and mechanism in the pore 
channel. Hence, instead of investigating a bulk system of porous media (e.g. 
core sample), the pore throat and channel of the porous media are 
examined.  
Sharma et. al [145] developed a mathematical model to simulate the 
effect of magnetic field of injected nanoparticle in a blood vessel. In the 
simulation, the blood vessel was assumed a cylindrical channel with 6 mm 
diameter. Initially, the magnetic nanoparticles are assumed to be uniformly 
distributed in the domain. Stoke’s flow is then introduced in the system and a 
magnetic field is subjected from the external of the channel domain. The 
flow behaviour of the magnetic particles in the fluid is investigated, where 
only magnetic and fluidic forces are considered in the modelling. The applied 
external magnetic field is written as 
 
 ݉݀
ଶݎ
݀ݐଶ ൌ ܨ௠ ൅ ܨ௙ (2.9)
Where m is the mass of the nanoparticles, ܨ݉ is the magnetic force that is 
governed by 
 ܨ݉ ൌ μ݋ܸ݌ሺܯ. ׏ሻܪ (2.10)
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Where M is the magnetisation, μ݋ is the magnetic permeability of vacuum, ܸ݌ 
is the volume of the particles, and ܪ is the applied magnetic field. The last 
term ܨ݂ is the fluidic drag force, which is governed by 
 
 ܨ݂ ൌ 6ߨߤݎ݌ሺݑ݂ െ ݑ݌ሻ (2.11)
 
Where ݑ݂ and ݑ݌ are the velocity of the fluid and particle respectively. The 
capture efficiency (η) of the magnetic nanoparticle is investigated, which is 
defined as the ratio between the total number of particles (n) deposited 
along the microchannel walls and the total number of release particles. It is 
mathematically written as follows 
 
 η ൌ ݊݅݊ െ ݊݋ݑݐ݊݅݊  (2.12)
 
 
(a) 
 
 
(b) 
Figure 2.20: (a) The Trajectories of magnetic nanoparticles in a channel at 1 
kOe field and (b) Capture efficiency (η) of magnetic nanoparticles at 
different magnetic field 0-10 kOe. (reproduced from Sharma et. al 
[145]) 
 
Illustration of the typical system and the trajectory of the magnetic 
nanoparticle are shown in Figure 2.20 (a). From the simulation, it is found 
that the capture efficiency increases from 22 to 67 % as the magnetic field is 
increased from 1 to 10 kOe, which is shown in Figure 2.20 (b). 
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Liu et al [146] proposed characterisation of the delivery of nano-sized 
medicine in vascular environments. They demonstrated that the dissolution 
of the drug particles in the vascular system follows the first order of kinetics, 
which is governed by concentration difference in the system, where 
nanoparticle is modelled as dilute concentration. The effect of convection 
and diffusion and the reaction model should be considered in the modelling. 
The vessel is modelled as 10-µm microchannel where initially 1000 mol/m3 
nanoparticle concentration presents in the domain. A receptor coated 
reaction surface is prepared on one of the boundary of the microchannel 
where the adsorption happens. Then, 0.1 mm/s constant flow rate 
introduces from the inlet and the profile of the nanoparticle concentration in 
the system is shown. The nanoparticle binding on the microchannel wall 
happens on a designated adhesive location, which is shown in Figure 2.21. 
The effect of the nanoparticle shape to adsorption is also investigated, 
where non-spherical shape nanoparticle has higher probability to be 
adsorbed then the spherical nanoparticle. The increase in shear rates 
happens in the system decreases binding probability of nanoparticles, but 
the degree of reduction of binding probability varies with different shape 
aspect ratio of nanoparticles. 
 
 
Figure 2.21: Binding of nanoparticle in a channel where red colour indicates 
the highest concentration and blue colours indicates lowest 
concentration (reproduced from Liu et al [146]) 
 
For modelling the porous media, another approach is to use an 
advanced 3D geometry configuration. One example is the study conducted 
by Acharya and Van der Zee [147, 148]. They conducted a study to model 
the transport of nonlinearly adsorbing soluble solutes in physically 
macroscopic heterogeneous and isotropic pore networks, as it has spatially 
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variable pore size. The pore network was in 3-dimensional geometry that 
was established from basic element of hydraulic pore network (Hypon) i.e. 
biconical abscissa-asymmetric concentric (Bacon) bond which are shown in 
Figure 2.22. Each elementary pore unit was perfectly mixed and the molar 
diffusion was ignored where advection dominates the transport. The 
adsorption occurs was assumed homogeneous, which was constant in any 
location. Traveling wave (TW) behaviour was investigated to study the 
movement of the soluble solutes in the network. Advection dispersion 
equation and Freundlich adsorption equation are used in their simulation, 
however the effect of the diffusion and desorption is neglected. They stated 
the pore network should include more than a million pore units to assess a 
developed travelling wave behaviour, which size varies with degree of 
heterogeneity. The minimum network size obtained depends on pore body 
variability, hydraulic and chemical parameter. On the other hand, they found 
that the transport did not show the traveling wave behaviour for a 
heterogeneous pore system. However, the validation of this case was not 
yet conducted. They also stated it was quite demanding to assess all these 
dependencies numerically using the approach they used. It is important to 
investigate the flow and adsorption behaviour in the channel itself to 
understand and support conclusion for the system of porous media. 
 
 
(a) Pore unit (pore body is the dark shade 
marking) 
(b) The biconical abscissa-asymmetric 
(Bacon) bond 
Figure 2.22: Illustration of the basic element of Hydraulic Pore Network 
(Hypon) (reproduced from Acharya et.al, 2004 [147]) 
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Many other geometry configuration is also been utilised to study the 
flow in microchannel with different geometry configurations, e.g. trapezoidal 
shape [149-152], rectangular microchannel [153], triangular microchannel 
[154], and also three-dimensional serpentine microchannels with designed 
roughness [155]. They mainly studied the flow properties i.e. the friction 
factor and the Reynolds number.  
 
Figure 2.23: Schematic illustration of the model where the light grey is 
subjected into diffusion effect (reproduced from Lionello et al [156]) 
 
Lionello et al [156] developed a numerical model for the adsorption 
kinetics of proteins on the walls of a microchannel using the finite element 
method (FEM) to address the coupling with diffusion phenomena in 
restricted microchannel volume under a static condition. The model 
developed can be used to observe adsorption limitation due to the bulk 
solution reduction. The model is formulated in a 2-D Cartesian geometry and 
calculations are performed in 1-D and 2-D geometries as shown in Figure 
2.23 (a) and (b) respectively. For the 1-D geometry, h is 200 µm and δ is 0.1 
µm. For the 2-D geometry, h is 50 µm, δ is 5 µm, and d =200 µm). Bulk 
solution presents in the domain and adsorption kinetic mechanism happens 
that follows Langmuir condition. The simulation is conducted and the 
coverage of nanoparticles on the microchannel wall is investigated. The 
typical solution is shown in Figure 2.24 below. From the study, it is 
discovered that the adsorption can be limited by the depletion of the bulk 
solution, due to the micro-dimensions of the system. 
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Figure 2.24: Schematic illustration of the model where the light grey is 
subjected into diffusion effect (reproduced from Lionello et al [156]) 
 
In order to model distribution, adsorption and desorption process of 
injected substance, combination of the adsorption isotherm equations and 
advective-dispersive equations are needed.  The selection of adsorption and 
desorption reaction gives significant effect to the shape and spatial 
distribution of injected substance over time. The shape of the concentration 
distribution also can be used for investigation, for example the occurrence of 
scale deposition is indicated by retarded and non-symmetric concentration 
profile with a presence of back tails and sharp front ends [157].  
Langmuir and Freundlich adsorption isotherm are common methods to 
use in modelling the adsorption and desorption mechanism. Langmuir 
approaches the adsorption and desorption mechanism linearly. Freundlich 
mechanism approaches the adsorption and desorption more non-linearly 
than the former by introducing exponents in the equation. There are many 
assumption that usually utilised in the modelling, thus adopting a nonlinear 
model of contaminant migration is better than utilising a linear model to give 
a more realistic representation of concentration propagation [157]. 
Therefore, Freundlich isotherm adsorption mechanism is able to reproduce 
results from adsorption and desorption laboratory experiment [158].  
Sorbie and Gdanski [159] enlisted sets of proposed equation to model 
the transport and adsorption of scale inhibitor in porous media, i.e. core 
sample. They analysed various approaches concerning the mathematical 
structure of various transport equations. They also analysed the equations 
based on the surface chemistry assumption and models to describe the 
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attachment in the rock mainly by adsorption process. They particularly 
compared the retention equation that they developed (HW) using a 
numerical integration and the one proposed by Gdanski and Funkhouser (G-
F) [160], i.e.: 
 
 
݀߁ሺݐሻ
݀ݐ ൌ െ݇ௗ௘௦ൣ߁ሺݐሻ െ ߁௘௤൧
ଶ. ߁ሺݐሻ (2.13)
 
where	߁ሺݐሻ is the current adsorption isotherm at time t, ߁௘௤ is the underlying 
equilibrium adsorption isotherm, and  ݇ௗ௘௦ is the desorption rate constant. 
The mathematical structure of both HW and G-F approaches are similar. 
The form difference of both equations presented due to the difference in 
units given. The retention part was somehow different. HW model uses the 
first order of the rate law, and on the other hand, the G-F model uses the 
second order of the rate law, which considers more to the effect of the rate 
to the retention. The G-F approach assumes the rock as a collection of 
mineral, thus only considers Langmuir form for solving the equilibrium 
isotherm adsorption, i.e.: 
 
 ߁ሺܿሻ ൌ
ߙ. ܿ
ሺ1 ൅ ߙ. ܿሻ ߁௠௔௫ (2.14)
 
where c is the concentration for the inhibitor and α is the ratio between the 
adsorption and desorption constant. This was supported by the mineral 
separation from their experiment result. Since HW method utilises a 
numerical approach, it is more versatile to accommodate Langmuir, 
Freundlich, or table of number for modelling the adsorption than the G-F 
approach.  
Another basic equation for concentration distribution in water flooding 
was proposed by Zeinijahromi et.al. [161]. Water salinity variation with 
migration, retainment, and detachment of fine particles are considered in the 
derivation. In the modelling, the concentration of the diluted small particles 
that dispersed in the pores was the function of water salinity and saturation. 
It was assumed that the transported fines were water-wet particles and inert 
and the effect of clay swelling was neglected. The volumetric concentration 
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of the particles was also neglected compare to the porous space. There was 
no dissipation effect of diffusion and capillary pressure was neglected. It was 
also assumed that the alteration of the water salinity affects the attachment 
of the concentration more strongly than the advection, thus the latter was 
neglected. The system was simulated under a constant temperature, 
incompressible fluids and constant fluid viscosity. The initial salt 
concentration in the system was the critical salt concentration for the 
reservoir fines. This meant that at the beginning of the simulation, the 
attached particles start to leave the rock surface along with the decrease of 
the concentration on the surface. In the modelling, polymer injection black-oil 
model in [162] ECLIPSE Reservoir Engineering Software was used to 
simulate the displacement of the oil by water in five-spot patter of a 
homogenous one-layer reservoir. The model could show permeability 
decline during a water injection due to the alteration of the injected fluid 
composition that induced fine migration. The permeability reduction 
improved the water-flood sweep efficiency by delaying water breakthrough 
and reducing the watercut.  
Efforts of modelling the adsorption on the wall structures has been 
conducted for decades. However  it is still difficult to model adsorption 
mechanism on a rough surface due to the limited geometry configuration to 
model the heterogenity and the uniqueness of the adsorbing surface [163, 
164]. Sonwane[165] proposed construction of the heterogenous adsorption 
surface using cylindrical MCM-41-like silica. An unstructured surface is 
achieved, however the exact structural and energetic site distribution 
function is undefined; therefore a smooth smooth cylinder was actually used 
in the modelling. Newer model of the MCM-41 pores become more realistic 
by considering the distribution of the adsorption sites [166]. Simulation 
results of using this model has high accuracy to model the real 
heterogenuous pore wall structure, however not very efficient to reproduce 
due to the computer power and resource it needs. Computer simulations 
using the Grand Canonical Monte Carlo (GCMC) or the Density Functional 
Theory (DFT) are also used for simulation of the adsorption on to 
heterogenuous site surface  [166, 167].  
Sbai and Azaroual [168, 169] developed a computational numerical 
simulation to predict micro and nano-particle transportation and capture in 
porous media system at the aquifers and reservoir scale. Utilising the 
IMPES (Implicit Pressure Explicit Saturation) and IMPSAT (Implicit Pressure 
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and Saturation) schemes, the mathematical model was based on a 
combination between incompressible two-phase flow equation for reservoir 
simulation and movement of each fluid phase and interphase particulate 
mass species transfer. To model the spatial distribution of salinity, the insitu 
colloidal fines migration in the aqueous phase was modelled by an optional 
advection-dispersion solute transport equation. The model was validated to 
simulate CO2 injection in heterogeneous subsurface porous media. It was 
stated the developed simulator can predict the change of permeability and 
recovered volume due to surface wettability alteration. 
The previous investigations for modelling of nanoparticle in rock 
porous media, especially which relates with the oil industry, were mostly 
conducted for porous media domain where the flow is affected by 
permeability, i.e. where Darcy’s Law is valid to use. More investigation at the 
micro pore channel is required to enhance the understanding of the 
nanoparticle distribution and adsorption in the porous media. The approach 
used in the study in this thesis accommodate the method use in studying 
nanomedicine and drug delivery in human body [145, 146] where 
microchannel is used as the domain. In addition, it seems that there is none 
yet established a study or simulation that focus especially on the adsorption 
and desorption mechanisms of injected nanoparticle to microchannel with 
different geometry, which specifically considers the effect of flow and 
diffusion. Hence, these aspects are investigated and discussed in this 
thesis. In order to obtain a broader understanding for the adsorption and 
desorption process, modified Freundlich adsorption isotherm mechanism 
that is derived by Skopp[170] is utilised. The unique feature for this 
approach is to consider the term of adsorption and desorption separately. 
This allows investigation for each term more thorough and accessible. This 
approach is discussed in Section 3.5. 
2.8 Summary 
Nanotechnology has an essential role that is potentially beneficial to 
be applied in the petroleum industry [38]. In the oil and gas industry, 
nanoparticles can be injected and introduced into the reservoir to envelop 
the surface of the rock and alter its property [6, 7] to enhance the processes 
concerning the adsorption in the rock pores. One example of the application 
is for enhancing the attachment of the Scaling Inhibitor (SI) onto the rock in 
the scale squeeze treatments.  
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Scale squeeze treatment is initially established by injecting a fluid 
containing a concentration of a Scale Inhibitor into the reservoir through a 
well. The well then is shut from production, allowing the reservoir soaked by 
the SI. The treatment is ended by opening the well and letting the fluid in the 
reservoir flow up to the surface. The adsorbed SI will be desorbed along with 
produced fluid until its amount on the rock surface cannot hinder scaling 
deposition any longer. By introducing nanoparticles on the surface area of 
the rock, the surface are of the rock increases and this enhances the 
attachment and the lifespan of the scale inhibitor.  
Focusing on nanoparticles, in addition to getting them to where they 
are needed, an important question is where do they go? This is crucial for 
designing the treatment operation as well to deal with issues that relate with 
health, safety and environment approval. Therefore, it is required to 
understand the behaviour of the injected nanoparticles in the pore channel, 
i.e. the transportation, distribution, adsorption, and desorption. The 
behaviour of nanoparticles in porous media has been conducted for more 
than a decade [54, 171]. However, the studies are mainly conducted in 
porous media or reservoir model [104, 117-119, 121]. As far as the author is 
aware, there is none yet established a study or simulation that focus 
especially on the adsorption and desorption mechanisms for different 
domain geometry for injected nanoparticles inside the pore-channel itself 
that specifically consider the effect of flow and diffusion. Understanding the 
behaviour and distribution of the injected nanoparticle in the microchannel is 
providing constructive advantage to deduce and predict behaviour, 
distribution and the placement of the nanoparticles transport in much larger 
pore networks.  
 
 
 
 Chapter 3  
Methodology  
3.1 Introduction 
This chapter introduces the methodology for studying the 
transportation of nanoparticles in porous media. The approach of the study 
is to understand the transport phenomena in micro-sized channels that 
include the occurrence of adsorption/desorption, diffusion and dispersion 
behaviour, spatial distributions and residence times.  
A particle is identified as a nanoparticle when its diameter is between 
1 and 100 nm [37, 38]. The size of the pore throat in the study is selected 
based on the central tendency of the sandstone pore throat magnitude i.e. 2-
0.33 mm in diameter [53]. Due to the size difference between the 
nanoparticles and the channels and following the previous studies [39, 135], 
it is decided that the transported nanoparticles are treated as a 
concentration field. Intermolecular interaction of the nanoparticle in the 
concentration species is represented by the diffusion that is considered in 
the system [172]. In the study, the nanoparticles are injected either 
continuously or discontinuously into the system. The study will provide 
directions to understand particle penetration, coverage, and attachment to 
the pore wall. 
Refer to Chapter 2, in the oil and gas industry, nanoparticles can be 
injected into the reservoir to cover the surface of the rock and alter the 
property of the reservoir rock’s surface area [6, 7]. This property alteration 
might be utilised to enhance the adsorption processes on to the formation, 
for instance the attachment of the Scaling Inhibitor (SI) onto the rock in the 
scale squeeze treatments. Scale squeeze is conducted initially by injecting 
fluid containing a concentration of a scale inhibitor into the reservoir. The 
target zone is allowed to be soaked by the fluid for a period to maximise the 
adsorption of the scale inhibitor onto the formation surfaces and then ends 
by the return flow from the reservoir to the surface. Increasing the internal 
surface area of the rock formation by introducing nanoparticles enhances 
the amount of the scale inhibitor and its lifespan.  
It is important to study how the nanoparticles are placed inside the 
pore channels. However, the pores in the rock are arbitrary and often are 
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very complex and heterogeneous. There is also a possibility for 
agglomeration of nanoparticles that join together and block the pores. There 
is an immense importance to understand how the particles transport and be 
distributed through the pores in the reservoir.  
 
Figure 3.1:  Illustration of a Scale Inhibitor (SI) Injection, as the approach 
used in the research by the author in the University of Leeds. 
 
A simulator is developed in this thesis to model the flow of the 
nanoparticle concentration within the pore itself, considering the advection, 
diffusion, adsorption, and desorption under the different micro-channel 
geometry.  This investigation is focused on the penetration and the flow of 
the injected nanoparticle concentration in the channel, adsorption/desorption 
rates, diffusion and dispersion behaviour, spatial distribution and the 
residence time. The simulator is also fundamentally able to use as a close 
approach to simulate the injection of the Scale Inhibitor into the reservoir 
[98], which include the phase of injection (advection dominated), shut in 
period (diffusion) and the backflow (adsorption and desorption). This 
mechanism is illustrated in Figure 3.1, beginning from empty system, 
injection, shut in period, and the return flow. This expectedly will bring one-
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step further to understand the phenomena of nanoparticle migration and 
distribution in the rock. 
3.2 Porous media 
Porous medium is defined as regularly distributed void-space 
between the size of cavities and molecular interstices in a medium. There 
are two types of pores, which are un-connected pores and interconnected 
pores. Interconnected pores are the important ones since within this type of 
pores the fluid is able to flow from one location to the other location. In the 
oil industry this is also known as the effective pores. According to the size, 
the pore space can be divided  into three classifications, which are void, 
capillary and force space [173]. Pores are characterized as void when the 
walls do not have any significant effect on the hydrodynamics inside the 
pore. If the effect is significant, the pore is characterized as capillary. Force 
space is where the molecular structure of the fluid is taken into consideration 
[174]. 
 
Figure 3.2: Packing of ideal uniform sphere grains (a) cubic, or wide pack 
and (b) rhombohedral, or close-packed. (After Graton and Fraser, 
1935) [175] 
 
Porosity of the porous media is one of the most important properties 
of porous media. It is defined as the ratio between the void spaces of a 
porous media to its bulk volume. Based on its origin, porosity is classified 
into original porosity and induced porosity [176]. Original porosity is the 
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porosity that is developed in the material geological deposition. It is 
characterized by the intergranular, intercrystalline and oolitic porosity that 
usually has uniform properties. Induced porosity is characterized by the 
development of fracture and caves in the rock. This type usually has not-
uniform properties. Porosity is dependent of the grain packing arrangement 
and the grain size. Referred from the work conducted by Graton and Fraser 
[175] who computed the porosity of various packing arrangements of 
uniform spheres, it is discovered that the porosity of the least compact 
arrangement (cubical packing) is 47.6%, and for the most compact 
arrangement (rhombohedral) is 25.96%. The illustration is shown in Figure 
3.2. Correlation of pore diameter (δ) and porosity (Φ) is introduced by 
Krumbein and Pettijohn [177] that is shown on equation 3.1 which is valid for 
a 2D porous geometry. 
 
 ߜሺ݉݉ሻ ൌ ሺ0.5ሻః (3.1)
 
Grain size distribution and grain angularity are also important. In 
general, larger grain size distribution and smaller angularity are likely to 
decrease the porosity while a decrease in range of particle size tends to 
increase the porosity. 
In the industry, there are two types of porosity, which are total 
porosity and effective porosity. Total porosity is the ratio between total void 
space and total bulk volume of the porous medium. Effective porosity is the 
ratio of the interconnected void space to the total bulk volume of the porous 
medium. This type of porosity is the one that is more relevant in relation with 
the oil recovery, since only fluid that is contain in the effective porosity can 
be transported [178]. The specific internal surface area of the pore is also 
important, which is the ratio between the internal area of pores and its total 
bulk volume [174]. The internal area of the pore is the main focus for 
investigating the adsorption and desorption in the porous media.  
There is also a term that expresses the kinematic ratio between the 
total length of one pore and its distance, called tortuosity (T). Tortuosity also 
can be defined as an average elongation of fluid paths or as a impedance 
factor that measures the resistance of a porous medium to the flow. In other 
words, tortuosity represents the degree of complexity of the channel 
configuration. There is also a correlation between the tortuosity and the 
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effective porosity of the media, which shown by Equation 3.2 that is valid for 
2D channel geometry. 
 
 ܶ ൌ ௛ܶ௬ௗ௥௔௨௟௜௖ ൌ ߔ. ܣ௘௙௙௘௖௧௜௩௘8݇ߨ  (3.2)
 
where Aeffective the effective area of the pore, Φ is the porosity and k is 
permeability. The last parameter will be discussed in the next section. A 
discussion for simulation that relates the distribution of nanoparticle 
concentration in microchannel is discussed in Chapter 5.  
The ability for a fluid to transport in porous media is known as 
permeability. It expresses the level of easiness of fluid being transported in a 
tortuous porous media. Permeability also is known as the coefficient of 
proportionality, which is the scalar value of specific discharge per unit 
hydraulic gradient [176]. The higher permeability, the easier the flow 
conducted. However, permeability can be as well treated as an anisotropic 
property of the rock, since it is as well depends on the matrix properties (e.g. 
grain/pore size distribution, shape of grains/pores, tortuosity, specific 
surface, and porosity) and the fluid properties (e.g. density and viscosity). 
 
Figure 3.3: Schematic illustration of the experiment conducted by Henry 
Darcy of the water flow in sand. (After Hubbert, from Amyx, 1960) [176] 
 
  58 
___________________________________________________________________________________________ 
Permeability is introduced based on an experiment conducted by 
Henry Darcy in 1856 [179-183]. He established a vertical experiment 
apparatus that is illustrated in Figure 3.3. He used 0.35 m diameter steel 
pipe with the height of 3.5 m. At the outlet at the bottom, a reservoir was 
prepared by supporting a set of screen from its base. A level of sand was 
prepared inside the steel pipe and water was poured from the inlet at the top 
to the outlet at the bottom. The volume of the water at the outlet was 
measured and compared with the pressure difference measured by the 
mercury U-tube manometer at the apparatus.  
Darcy came with a conclusion that the flow rate of fluid in porous 
media is proportional with the cross sectional area, differential in water level 
elevation of the inflow and outflow, and inversely proportional with the length 
of the pore. Darcy’s conclusion can be written mathematically as Equation 
3.4 where k is the coefficient of proportionality, and later known as 
permeability. 
 
 ܳ ൌ ݇ܣ ሺ݄ଵ െ ݄ଶሻܮ  (3.3)
 
Introducing the term of hydrostatic pressure and viscosity, Craft and 
Hawkins[178] derived the equation above to be the Equation 3.4  below:  
 
 
 
L
PkAQ    (3.4)
 
With slight modification, Darcy’s law states that the velocity of a 
homogenous fluid in a porous medium is inversely proportional to the fluid 
viscosity and proportional to the driving force of the system. Mathematically, 
it is written as: 
 
 

   cos'433.00001127.0 dt
dpkv  (3.5)
where the variables are defined in Table 3.1. 
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The legends are in the Table 3.1 below (in field units): 
Parameter Unit Note 
v  bbls/day-ft2 the noticeable velocity 
k  milidarcies (md) permeability 
  cp fluid viscosity 
p  psia pressure 
s  feet distance along flow path 
'   fluid specific gravity comparatively to water 
  Deg the angle measured counter clockwise from the downward 
vertical to the positive s direction 
Table 3.1: Legend for the Darcy’s law, in field units 
 


   cos'433.0
ds
dp  corresponds to the driving force, which consists of 
pressure gradients along the flow and the hydraulic gravitational gradients of
 cos'433.0 . Practically, the hydraulic gravitational gradients are small 
compare to the fluid pressure gradients. Therefore, this parameter often is 
neglected. The minus sign before 0.001127 in Equation 3.5 specifies that 
pressure decrease from the beginning until the end point of the flow; hence, 
the flow is taken positively in the positive direction. [178] 
Permeability is a tensor that is measured in basic units of Darcy (d). 1 
Darcy permeability is a measure for a fluid of 1 cp viscosity that move at 
velocity of 1 cm/sec under a pressure gradient of 1 atm/cm. In the industry, 
permeability usually is split into horizontal permeability and vertical 
permeability. Horizontal permeability is the permeability that is parallel to the 
bedding plane of the stratified rocks. The magnitude of the horizontal and 
vertical permeability depends on the depth and the sedimentation process of 
the rock formation where the measurement is taken. 
Darcy’s law is only valid for laminar flow. Much higher velocity occurs 
under a turbulent flow; hence, pressure gradient increases quite 
significantly. Darcy’s law is not valid for flow with individual pore channels, 
but statistically is reasonable to be used to solve flow in portion of rock 
where the dimension is relatively large comparing to the size of pore 
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channel. The value used in Darcy’s Law is the average of those inside the 
pores. Since actual velocity of each point is not measurable, apparent 
velocities is used in order to keep porosity and permeability separated. 
In order to gain a broader understanding about the flow in porous 
media, it is important to study the flow in the channels of the pore. Although 
the term porosity and permeability is very important for discussing the 
porous media, these parameters will be set aside for a while in the study, 
however, without neglecting their importance. The method considers 
simulation of a one-way coupling of a single-phase continuous flow in 2D 
dimensional geometry. This method is then validated and the details are 
included in Chapter 4. The equations obtained are then used to investigate 
the concentration transport in a single straight microchannel (Chapter 4), 
single tortuous microchannel (Chapter 5), single rough-surface microchannel 
(Chapter 6) and a network model based on the results from single channels 
(Chapter 7). 
3.3 Key Assumptions and Governing Equations of the 
Model 
3.3.1 Flow Conditions 
It is important to understand the theory behind the flow. There are two 
aspects of the fluid flow mechanics. The first one is the microscopic flow and 
the second one is the macroscopic flow. In the microscopic flow, the 
molecular structure of the fluid is put into consideration, where it adds some 
minor correction effects to the equation of the continuous matter theory in 
the calculation. The second one is the macroscopic flow. In this mechanism, 
the fluid is treated as a continuous substance whose movement is measured 
at every material point and expressed in mathematical equation. This 
correlates with the continuous matter theory [174]. 
There are three physical conditions that govern the macroscopic flow 
includes continuous matter theory [176]: 
a) Continuity equation 
There are three continuity equations that usually used to calculate and 
model the flow: 
1. The law of conservation of mass 
The material balance equation is expressed as below: 
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߲ߩ
߲ݐ ൅ ݑ. ׏ߩ ൅ ߩ׏. ݑ ൌ 0 (3.6)
 
where ߩ is the fluid density (kg/m3), ݐ is time (s), and ݑ is the 
velocity (m/s). 
2. The law of conservation of momentum 
The material balance equation is expressed as below, where ݑ is 
the velocity at x-direction, ݒ is the velocity at y-direction and ݓ is 
the velocity at z-direction: 
(i) For the x-direction 
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(ii) For the y-direction 
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(iii) For the z-direction 
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For incompressible flow, equations above are known as the Navier 
Stokes equations. 
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3. The law of conservation of energy  
Types of energy are being transferred when a fluid flows. Those 
types of energy normally are kinetic, potential, internal, and 
mechanical energies. The sum of energies leaving the system 
should be the same as the sum of energy that entering the system 
[184]. The equation follows: 
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(3.10)
where ݍሶ  is the rate of volumetric heat addition per unit mass. 
b) Newton’s law of motion 
Newtons’s law of motion is the basic knowledge needed to understand 
the physics behind a moving object, which consists of three: 
(i) Newton’s first law of motion, which is describes that an object will 
continue to be on its current condition (static or move) as it has 
before until an unbalanced force acts upon it. 
(ii) Newton’s second law of motion, which states that the change of 
such object’s position and velocity is a function of its acceleration. 
This law is expressed by the rate of change of momentum equals 
the force applied.  
(iii) Newton’s third law of motion that states about the origin of forces 
which states that there is always an equal reaction to every action 
that is applied upon two bodies that directed to contrary parts. This 
law is also known as the law of “action and reaction”.  
c) Rheological condition, which is the connection between the stress and 
strains in the fluid.   
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Rheology can be defined as a study of fluid’s response towards an 
infliction of stress and strain. Rheology has a short correlation with the 
viscosity and type of the fluid, whether the fluid is Newtonian or non-
Newtonian fluid. In this thesis, the study is conducted for non-
Newtonian fluid. 
There are two components of stress exist in fluid motion. The first 
component is the normal stress, which is a stress orthogonal/perpendicular 
with the fluid flow. This stress is governed by the gravity. The component 
stress is known as the shear stress ( ), which is the stress in the same 
direction with the movement of the fluid.  
For the x-direction, shear stress is expressed by: 
 
 dy
du   (3.11)
 
The equation above is also known as the Newton’s Law of Viscosity. 
Viscosity (µ) is the inherent property of fluid that tries to restrain the 
relative movement of the adjacent fluid layer. In Newtonian fluid viscosity is 
constant regardless the condition of the flow. The examples of Newtonian 
fluid are water and air. In Non-Newtonian fluid, its viscosity might change 
due to the change of flow condition, for example the change of velocity or 
the change of applied force. [184] 
In non-Newtonian fluid, which is the type of fluid used in this thesis, 
viscosity is a function of shear rate, but not a function of time of the 
application of shear. The behaviour has a constitutive relation between the 
shear stress (τ) and the shear rate    [185]. 
 
   f  (3.12)
 
Some model has been widely used to describe the rheological 
behaviour as a function of viscosity, which is illustrated in Figure 3.4.  
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Figure 3.4: Theoretical figure of shear stress vs strain for different fluids 
characteristic (reproduced from Sleigh, 2009) [186] 
 
Depart from the theory of viscosity, there is a term that is known as 
Reynolds Number. This term was introduced initially by Osborrn Reynolds in 
1883 that since then has been widely used in many aspects of fluid 
mechanic. [187] 
Reynolds number is mathematically expressed by following equation: 
 
 
UDRe  (3.13)
where Re is the Reynolds number, U is the mean velocity of the flowing 
object (m/s), D is the hydraulic diameter of the flow container (m), ݒ is 
kinematic viscosity (m2/s), µ = dynamic viscosity of the fluid (Pa.s), and ρ = 
the density of the fluid (kg/m3). 
Since 
 
v  (3.14)
Then equation (25) can be also expressed as: 
 
 v
UDRe  (3.15)
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Reynolds number can be used to distinguish the fluid’s flow regime, 
which is laminar, transitional, or turbulent flow. According to McGraw-Hill 
Science & Technology Encyclopaedia, laminar flow defined as a layered, 
smooth and structured type of viscous fluid motion at low-to-moderate 
deformation rates. Turbulent flow has a characteristic of having irregular and 
oscillating velocity, pressure, particle movement, and other flow quantities in 
time and space. [188]. Transitional flow takes place between those two flow 
regimes. Sleigh and Noakes stated that physical meaning of Reynolds 
number is the ratio between inertial forces and viscous forces exist in the 
flow system.  
 
 forcesviscous
 forces inertialRe   (3.16)
 
At low Re and slower fluid flow, viscous force is dominant where the 
fluid flows in layers, and then laminar flow happens. At the inverse condition, 
when Re is larger and the fluid flow faster, inertial forces takes over the 
viscous forces, and the flows becomes transient [186], although the 
boundary condition remains steady. This condition creates Eddy current 
which carry on into the fluid at intervals which cause the turbulence [174]. 
The comparison of laminar flow and turbulent flow is shown in Table 3.2. 
Laminar Flow Turbulent Flow 
Re < 2000  Re > 4000  
'low' velocity  'high' velocity  
Regular particles path in straight 
lines  
Irregular particle paths with the 
average motion is in the direction 
of the flow  
Possible to be analyzed by simple 
mathematic 
Cannot be seen by the naked eye 
and fluctuations are very difficult 
to detect.  
Rare in practical daily life 
Mathematical analysis very 
difficult - so experimental 
measures are used  
  Most common type of flow 
Table 3.2: The difference between laminar and turbulent flow [186] 
In modelling the flow through a microchannel representing a pore 
throat within a rock sample, it is important to establish the relevant 
magnitude of the fluid velocity. This is done here by relating the velocity to 
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the flow rate through a core sample as it would be used in a typical core-
flood test.  
 
3.3.2 Simulation domain 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.5: The channel in the simulation is illustrated as one of the 
microchannels happens in the core 
 
A simple approach is to represent the core as a bundle of homogenous 
parallel tubes as it is shown in Figure 3.5 where microchannel is used as 
the simulation domain [145, 146]. Referring to Chapter 4 where the 
methodology is validated, a Clashach-type sandstone is used in the study as 
the sample of the porous media. It is assumed that the diameter of one tube 
is 20 µm which is as a typical pore-throat size of medium grain-sized 
sandstone [53]. The validated equation is obtained by this assumption where 
13 cm length as the dimension of the core used in the actual laboratory 
experiment. However, the tube with a length of interest of 10 times of its 
diameter is used in this thesis for the study. This value is taken to satisfy the 
computer resource and power availability to run the simulation and conduct 
sensitivity study efficiently. The length and diameter ratio is considered 
adequate to simulate the microchannel system with geometrical variance. 
 
Core sample 
1 microchannel 
sample 
d A
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Figure 3.6: The 2D geometry microchannel configuration 
 
 
 
 
 
 
 
 
Figure 3.7: The 3D axis symmetric geometry microchannel configuration 
The pore channel is simplified into two-geometry configurations i.e. 
2D geometry and the 3D axis-symmetric geometry. A real 3D geometry is 
also used since it models cylindrical microchannel assumed in the study, 
however only at the preliminary level to validate simulation results from 2D 
and 3D axis-symmetric geometry. The 2D geometry is assumed a micro-
sized channel between two 1 metre depth parallel flat planes as shown in 
Figure 3.6. The 2D geometry is used to model the microchannel with the 
interest of the longitudinal geometry variation, e.g. microchannels with 
tortuosity variation. The 3D axis symmetrical geometry is used for 
investigating the behaviour in microchannel with radial geometry variation, 
e.g. microchannel with different surface roughness and micro with dead-end 
region. Simulation domain with 3D axis symmetrical geometry is illustrated in 
Figure 3.7. The simulation using these two geometry approach can be 
scaled up accordingly to establish a more complex pore-network model to 
simulate the behaviour in a core. The detail of the scaling up is discussed in 
Chapter 7. 
length 
diameter 
Inflow 
Outflow 
Diameter 
  68 
___________________________________________________________________________________________ 
If PV is the pore volume of the core and ܮ௖௢௥௘ is the length of the core, 
then the total cross sectional area of the pores (ܣ௣) can be calculated as 
follow 
 
 ܣ௣ ൌ ܸܲܮ௖௢௥௘ (3.17)
 
Corresponding average velocity for the parallel pores is below:  
 
 ݑ ൌ
ܳ௖௢௥௘
ܣ௣  (3.18)
 
Substituting 3.17 to 3.16 results in 
 
 ݑ ൌ ܳ௖௢௥௘. ܮ௖௢௥௘ܸܲ  (3.19)
 
where ݑ (m/s) is the average fluid velocity in the microchannel, ܳ௖௢௥௘ (m3/s) 
is the flow rate introduced to the core, ܮ௖௢௥௘ (m) is the length of the core 
length, and PV (dimensionless) is the pore volume of the core. 
 Using the core data from the model validation in Chapter 4, the typical 
velocity of the fluid in the system is in the order of 10-4 m/s and the 
corresponding Reynolds number is in the magnitude of 10-4. For such low 
value Reynolds number (i.e. Re≪1), the inertial effect is neglected in 
comparison with the viscosity, hence the Stoke’s flow equation is suitable to 
use in the study [189].  For simplification, the fluid is assumed 
incompressible which flows in a steady state condition.  
There are two stresses in pores, which are neutral stress and 
effective stress. Neutral stress is the stress in the fluid inside the pore and 
effective stress is the difference between total stress prevailing in the fluid 
filled pore and the neutral stress. It is believed that the effective stress 
governs the deformation in porous media [174]. Since it is assumed that 
there is no rock compaction, the effective stressed are neglected, resulting 
in constant microchannel dimension along the simulation time. 
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The Navier-Stokes Equation that describes the flow can be simplified 
by neglecting the inertia terms to represent a creeping flow, since when the 
viscosity is large; the viscous forces dominates the flow, therefore 
 
 ρܦݑܦݐ ൌ ρ ൬
߲ݑ
߲ݐ ൅ ݑ. ׏ݑ൰ ൌ െߘ݌ ൅ ߤߘ
ଶݑ ൅ ߩ݃ (3.20)
and 
 
 ρ ฬܦݑܦݐฬ ≪ μ|׏
ଶݑ| (3.21)
 
Thus, the Navier Stokes momentum equation is reduced to the Stokes 
Equation  
 
 0 ൌ െߘ݌ ൅ ߤߘଶݑ ൅ ߩ݃ (3.22)
 
In the simulation, Equation 3.21 is expressed as a balance of forces 
in the flow due to the difference in pressure (p), identity matrix (I), viscosity 
(µ), velocity (u), and the gravity force (F) as expressed below: 
 
 0 ൌ ׏. ሾെ݌ܫ ൅ ߤሺߘݑ ൅ ሺߘݑሻ்ሻሿ ൅ ܨ (3.23)
 
The measured velocity profile in the microchannel is consistent with solution 
from Stokes equation where the no-slip boundary condition is 
accommodated [190], where the viscous forces dominates and the velocity 
happens in layers where the highest velocity is in the middle of the 
microchannel and the lowest at the wall boundary.  
 
3.3.3 Representation of Nanoparticles  
The nanoparticles are treated as a continuous concentration field that 
flows inside the channel. This assumption is valid since the size of the 
nanoparticle is small, i.e. 1-100 nm [37, 38]. The size of the channel 
selected is 20 µm in diameter [53] which is based on the central tendency of 
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the conventional rocks pore throat diameter magnitude. The inertia of the 
particles is neglected, no effect from gravity, and there is no interaction 
between particles which hinders the process of agglomeration and repulsion 
of each other. It is also assumed that there is no slip velocity between the 
fluid and the particles allowing particles to freely transport by advection. 
Since the nanoparticles are treated as free particles, this movement is only 
governed by the physical properties, i.e. velocity, pressure, time, injection 
pore volume, etc.  
The change of the nanoparticle concentration in time is governed by 
diffusion and advection. The diffusion follows an expression which is known 
as Fick’s First Law equation as follows [191, 192]: 
 
 ܬ ൌ െܦ஺஻௢ ߲߲ܿݔ (3.24)
 
where J (mol/ (m2.s)) is the diffusive transport, ܦ஺஻௢  (m2/s) is the mutual 
diffusion coefficient of solute A in solvent B, and the c (mol/m3) is the 
concentration of the diluted species. Equation 3.24 valid only for one-
dimensional geometry, i.e. x-direction. Therefore, this expression is 
converted into the three–dimensional space that follows the domain in the 
study. The three-dimensional equation then is included into the advection 
equation for the nanoparticle concentration, which is written as follows: 
 
 
߲ ஺ܿ
߲ݐ ൅ ߘ. ሺെܦ஺஻
௢ ߘ ஺ܿሻ ൅ ݑ. ߘ ஺ܿ ൌ 0 (3.25)
 
where ஺ܿ (mol/m3) is the concentration of the nanoparticles in the fluid bulk 
and ݑ (m/s) is the fluid velocity.  
The diffusion coefficient is calculated using the Wilke-Chang  [193-195] 
which its permits easy calculation that holds good for and correlates most of 
the experimental values within an average deviation of ± 13%. The 
technique follows: 
 
 ܦ஺஻௢ ൌ 7.4ݔ10଼
ሺ߶ܯ஻ሻଵ ଶൗ ܶ
ߟ஻ ஺ܸ଴.଺  (3.26)
where 
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ܦ஺஻௢  = mutual diffusion coefficient of solute A in solvent B, cm2/s.  
Later on in the study, ܦ஺஻௢  is written as ܦ௣. 
ܯ஻ = molecular weight of solvent B, g/mol  
ܶ = absolute temperature, K  
ߟ஻ = viscosity of solvent , cP 
஺ܸ = molar volume of solvent A at its boiling temperature, cm3/mol 
߶ = Association factor of solvent B, dimensionless. For water the 
value is 2.6. 
 
Agglomeration is very importance to consider its tendency to happen 
for nanoparticles in microchannel due to the degree of interaction between 
the particles, salt ion in solution, and the surface of the porous medium. 
However, agglomeration of the nanoparticles is neglected to simplify the 
simulation. In reality, agglomeration of nanoparticle can be avoided by 
coating the nanoparticles with other substance that introduce a super-
paramagnetic property to the nanoparticles [73, 74]. If agglomeration is 
considered, a term of first-order removal term (ߛ, min-1) [142] should be 
included in the Equation 3.25,  hence it becomes. 
 
 
߲ ஺ܿ
߲ݐ ൅ ߘ. ሺെܦ஺஻
௢ ߘ ஺ܿሻ ൅ ݑ. ߘ ஺ܿ ൅ ߛ ஺ܿ ൌ 0 (3.27)
 
3.3.4 Boundary Conditions for Velocity 
Initially there is no flow in the domain. The fluid velocity ݑ at the inlet 
boundary is specified by Equation 3.18. The velocity profile, however, is 
defined by introducing an entrance length (ܮ௘௡௧௥ሻ	of the inlet channel outside 
the model domain. This length should be large enough thus the flow can 
develop a fully parabolic profile. Experiments show that for steady laminar 
flow and Stokes flow through a well-rounded inlet into long straight pipe, the 
entrance length ܮ௘௡௧௥  follows 0.06ReD [196, 197] where the Re is the 
Reynolds number and D is the diameter of the geometry, in this case, is the 
diameter of the cylindrical pipe approximated by the microchannel geometry 
[198-200]. This equation is valid for Re ≤ 2000. The expression is shown by 
Equation 3.28 where, in our case, the ܮ௘௡௧௥ equals 1 m. 
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ܮ௘௡௧௥׏. ሾെ݌ܫ ൅ ߤሺߘݑ ൅ ሺߘݑሻ்ሻሿ ൌ െ݌݊,
ߘ. ݑ ൌ 0 (3.28)
 
 No slip is introduced in between the fluid and the microchannel wall 
thus the velocity at the wall equals zero. Certain velocity is in introduced at 
the inlet boundary that causes a constant pressure difference between the 
inlet and outlet boundary of the microchannel domain. Nevertheless, 
constant pressure difference does not mean that the pressure gradient is 
zero. Introducing inlet velocity or pressure difference between inlet and 
outlet boundary is interchangeable in the study.  
 
3.3.5 Boundary Conditions for Concentration 
Initially there is no concentration of nanoparticles in the domain. At 
the inlet, concentration of all species c = ܿ௜௡  is specified. The boundary 
condition of the material balance for the surface species follows  
At the outlet, the concentration of the nanoparticles is transported out 
of the model domain by a fluid flow. It is assumed that advection is the 
dominating transport mechanism across the outflow boundary, and therefore 
that diffusive transport can be ignored, that is:  
 
 ݊. ൫െܦ௣׏ ஺ܿ൯ ൌ 0 (3.29)
 
Thus, the boundary condition at the outlet is as follow: 
 
 ݊. ൫െܦ௣׏ ஺ܿ ൅ ஺ܿ. ݑ൯ ൌ ݊. ஺ܿ. ݑ (3.30)
 
3.3.6 Adsorption and Desorption of Nanoparticles  
Adsorption is a process that takes place when a fluid accumulates 
and forms a molecular film (adsorbate) on the surface of another material 
(adsorbent). Rouquerol and Sing [201] defined adsorption as the 
accumulation in the density of fluid or material in the surrounding area of an 
interface.  
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Generally, adsorption processes are classified into two different 
processes, which are physical adsorption and chemical adsorption [202]. In 
physical adsorption, the process occurs without any reaction among the 
adsorbate molecules with the adsorbent. These molecules are weakly 
bounded due to Van der Waals forces. This type of adsorption is relatively 
fast and reversible, because it happens under the critical temperature 
adsorbate that is relatively low, leading to a low heat. Since the bound is 
weak, the adsorbate molecules are able to move easily from one location to 
another. This process also happens without any activation energy and this 
causes the adsorbate molecules attach in many layers on the adsorbent 
[203]. Chemical adsorption happens due to the existence of chemical 
reaction between the adsorbate and the adsorbent. This type of adsorption 
commonly happens above the critical temperature of the adsorbate, 
irreversible reaction, creating monolayer film, and the heat emanation is 
relatively high [203].  
Adsorption is affected by adsorbate pressure, adsorbate absolute 
temperature, and the potential interaction between the adsorbate and the 
adsorbent. High adsorbate pressure can increase the adsorbed molecules 
on the adsorbent. However, during the process of adsorption, energy is 
liberated at the walls of the container as an exothermic process [174]. 
Therefore, the temperature increase of the  adsorbate decrease the 
adsorption [204]. 
There is an existence of special affinity among the adsorbents and the 
adsorbates that can be divided into two types: 
1. Polar adsorbent (hydrophilic). This type of affinity includes silica gel, 
zeolite, and active alumina with water as the adsorbate. 
2. Non-polar adsorbent (hydrophobic). This type of affinity includes 
active carbon and polymer adsorbent with oil acts as the adsorbate. 
[202] 
 
There are numbers of adsorption mechanism models that has been 
developed by the scientists [205, 206]. In this thesis, only Langmuir and the 
Freundlich adsorption isotherm are discussed, following the analytic 
expressions for the spreading pressure and concentration. These two 
empirical approaches are well established to represent adsorption from the 
experimental data and result without indicating any essential validation of 
any particular model. These two approaches satisfy the assumption of the 
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single component adsorption parameter that is assumed in the study. The 
detail and the governing equations are conversed shortly after in Section 
3.3.6 and 3.3.7. 
In the study, the adsorption and the desorption occur on the wall 
along the microchannel. The adsorption and desorption of the nanoparticles 
on the surface of the microchannel are governed by the concentration 
difference between the fluid bulk and the microchannel wall. The illustration 
of the microchannel system is displayed in  
Figure 3.8 where ݑ is the inlet creeping velocity, ܿ is the 
concentration of the nanoparticles, ܦ௣ is the diffusivity coefficient in the fluid 
bulk, ܦ௦ is the surface diffusivity, ݇௙ is the forward adsorption coeeficient, ݇௥ 
is the reverse reaction coefficient (i.e. corresponding to desorption). The 
figure shows the model geometry with symmetry axis where surface 
adsorption happens along the wall of the microchannel.  
 
 
 
 
 
 
 
 
Figure 3.8: The illustration of the system for the simulation for the 3D axis-
symmetric geometrical model.  
 
The governing equation for the surface concentration on the wall 
follows similar approach as Equation 3.26 where the concentration transport 
is governs by concentration difference and diffusion, however without 
advection included. The equation is written as follows 
 
 
߲
߲ݐ ܿ௦,௜ ൅ ׏௧. ൫െܦ௦,௜׏௧ܿ௦,௜൯ ൌ ܴ௦,௜ (3.31)
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ࢇ࢞࢏࢙ ࢙࢟࢓࢓ࢋ࢚࢘࢟
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where ܿ௦,௜		(mol/m2) is the surface concentration, ܦ௦,௜	(m2/s) is the surface 
diffusion coefficient, and	ܴ௦,௜ (mol/ (m2.s)) is the sum of all sources due to 
surface reaction and adsorption/desorption phenomena.  
The second term of the left hand side of Equation 3.31 is the mass 
movement between locations on the surface of the microchannel wall. The 
movement is governed by the concentration difference and the surface 
diffusion coefficient (ܦ௦,݉ଶ/ݏሻ. Surface diffusion is a process that consists of 
the motion of the molecules and the atomic clusters at solid material 
surfaces [207]. In this case, the surface diffusion can be neglected because 
the size of the channel is not comparable with the range of the nano-sized 
particle interaction with the channel wall [208]. This simplifies the adsorption 
process on the channel wall which then it is only governed by the 
concentration difference between the wall and the fluid.  Therefore, Equation 
3.31 becomes as follows 
 
 
߲
߲ݐ ܿ௦,௜ ൌ ܴ௦,௜ (3.32)
 
The adsorption mechanism used here is based on the mass action 
law shown below: 
 
 ܽܣ ൅ ܾܤ
ೖೕ
೑ሱሮ
ೖೕೝርሲ ݔܺ ൅ ݕܻ ൅⋯ (3.33)
where ܣ and ܤ are the reactants, ܺ	and ܻ are the products, and ܽ, ܾ, ݔ, and 
ݕ are the appropriate integers that satisfy the balance of the reaction. ௝݇௥ is 
the reverse reaction constant and	 ௝݇௙is the forward reaction constant.  
Thus the adsorption and desorption reaction ܴ௦,௜ (mol/m2.s) from 
Equation 3.31 can be written as below 
 
 ܴ௦,௜ ൌ ݇௦,௜௙ . ߎ݇ܿ௜
ି௩೔ೕ െ ݇௦,௜௥ . ߎ݇ܿ௜
௩೔ೕ (3.34)
 
where kୱ,୧୤  is the forward reaction constant, kୱ,୧୰  is the reverse reaction 
constant, c୧ is the species concentration in mol/m3, v୧୨ is the stoichiometric 
coefficient where the sign (-) for reactant and (+) for product.  
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In this study, the adsorption process is simplified as a physical 
adsorption without considering precipitation or crystallisation processes. It is 
also assumed that the effect of pH is neglected and system works under a 
constant temperature. There are two approaches selected as candidates for 
the solution of the	ܴ௦,௜. The first approach is to use the Langmuir adsorption 
isotherm equation and the second one is to use the Freundlich adsorption 
isotherm equation.  
3.3.7 Langmuir Adsorption Isotherm 
The first approach, the Langmuir adsorption isotherm, is selected 
considering that the investigation of the effect of the adsorption and 
desorption is easy to conduct [209]. Some assumptions are needed for the 
validity of the Langmuir adsorption isotherm such as the surface containing 
the adsorbed is homogeneously flat without any corrugation, the adsorbates 
are adsorbed into an immobile state, all adsorption sites are equivalent, 
there is only one molecule adsorption layer (mono-layer adsorption), and 
there are no interactions between adsorbate molecules on the adjacent sites 
[209]. 
In this case, it is assumed that there is only one substance of 
nanoparticles in the fluid bulk (represented by	ܣ) that can be reversibly 
converted into the adsorbed nanoparticles (represented by	ܤ) on the 
channel wall. This can simply be written as follows: 
 
 ܣ ೖ೑ሱሮ
ೖೝርሲ ܤ (3.35)
where ܣ represents the concentration of the nanoparticles in the bulk and ܤ 
represents the adsorbed nanoparticles on the microchannel wall. ݇௙ is the 
forward reaction (adsorption) constant and k୰ the reverse reaction 
(desorption) constant. Since monolayer adsorption is one of the 
requirements of the Langmuir adsorption isotherm, the available adsorption 
site (θ) should be considered. The adsorption stops when the available 
adsorption site (θ) saturated with the adsorbate. Thus, the reaction rate is 
written below:  
 
 
݀ܿ
݀ݐ ൌ ݇௔ௗ௦. ஺ܿሺ1 െ ߠሻ െ ݇ௗ௘௦. ܿ஻ (3.36)
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where ݇௔ௗ௦ ൌ ݇௙,	݇ௗ௘௦ ൌ ݇௥, c୅ is te concentration in the fluid next to the 
channel wall and c୆is the concentration on the surface of the channel wall. 
In detail, for the rate of adsorption is 
 
 ൬݀ܿ݀ݐ൰௔ௗ௦ ൌ ݇௔ௗ௦. ஺ܿሺ1 െ ߠሻ (3.37)
 
and for the rate of desorption is 
 
 ൬݀ܿ݀ݐ൰ௗ௘௦ ൌ ݇ௗ௘௦. ܿ஻ (3.38)
 
where c is the corresponding concentration of the nanoparticles. 
3.3.8 Freundlich Adsorption Isotherm 
The second approach to be investigated is the Freundlich adsorption 
isotherm mechanism. The Freundlich adsorption is an empirical correlation 
with limited coefficient interpretation [210-212] that is widely used to match 
adsorption isotherm from the experiment [158]. It is widely used in cases 
where the actual identity of the solute is not known. The Freundlich 
adsorption isotherm assumed that the adsorption rate is a function of the 
pressure. The adsorption occurs until the saturation pressure of the system 
achieved. Thus, Freundlich adsorption isotherm works well for the 
heterogeneous adsorbent surface with different adsorption sites. However, 
this assumption makes the Freundlich adsorption isotherm fails in a 
condition with high pressure. Since the pressure is proportional to the 
concentration, thus the adsorption rate of the Freundlich adsorption isotherm 
is the function of the concentration. Hence, the equilibrium pressure of 
adsorbate in the adsorption measurement for the liquid phase is approached 
by use of the equilibrium concentration of the adsorbate in solution. In 
general, the Freundlich equation given by: 
 
 
݀ܿ
݀ݐ ൌ ݇௙. ܿ
௡ (3.39)
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where ܿ	is the concentration of the substance as a function of time is, ݇௙	is 
the fractal coefficient, and n is the fractal dimension [170, 213]. Efforts of 
deriving the Freundlich equation based on the thermodynamics have been 
conducted [214-216], however the derivations are mostly difficult to apply 
and interpret [170]. The other approach for deriving the Freundlich equation 
using the statistical mechanical approach are also conducted [217, 218]. 
However, the original Freundlich adsorption isotherm equation cannot 
clearly show the term of adsorption and desorption. Therefore, modified 
Freundlich equation conducted by Skopp [170] is used for the study. Skopp 
derived Freundlich adsorption isotherm equation by introducing term of 
adsorption and desorption separately, allowing to study adsorption and 
desorption process more easily. Again, in this study, there is only one 
substance of nanoparticles in bulk (A) that can be reversibly converted into 
adsorbed nanoparticles (B) on the channel wall. The mechanism follows the 
one in Langmuir approach that is discussed in Section 3.3.7, that is again 
written as Equation 3.34. The reaction rate for modified Freundlich 
adsorption isotherm approach derived by Skopp [170]  is displayed in 
Equation 3.40  where the concentration of the nanoparticles in the bulk (A) 
and on the rock surface (B) are considered.  
 
 ݎ ൌ ݇௔ௗ௦. ஺ܿ௡ೌ೏ೞ െ ݇ௗ௘௦. ܿ஻௡೏೐ೞ (3.40)
 
where ݇௔ௗ௦ ൌ ݇௙	ܽ݊݀	݇ௗ௘௦ ൌ ݇௥. Parameters of n is the order of the reaction 
where the subscript ads and des are for adsorption and desorption 
respectively [119, 170].   
In this study, it is assumed that the adsorption and desorption are 
important and should be addressed separately. The process is again 
represented by the Equation 3.38. However, the reaction rate is derived 
[170] by separating the adsorption and desorption rate following Equation 
3.41, hence: 
 
݀ܿ
݀ݐ ൌ ݇௔ௗ௦. ஺ܿ
௡ೌ೏ೞ െ ݇ௗ௘௦. ܿ஻௡೏೐ೞ (3.41)
 
where ݇௔ௗ௦ ൌ ݇௙, ݇ௗ௘௦ ൌ ݇௥, ݊௔ௗ௦ is the Freundlich adsorption exponent 
constant, and ݊ௗ௘௦	is the Freundlich desorption constant. Equation 3.41 is 
different from the Langmuir adsorption isotherm in Equation 3.36 because 
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the former does not relate to the available adsorption-site surface area on 
the microchannel wall (θ). In other words, Equation 3.41 allows multilayer 
adsorption where the adsorption mechanism presents as long the bulk 
concentration is larger than the concentration on the wall. 
In the original Freundlich equation, parameter n is proposed to be 
between 0 and 1 [148]. On the other hand, others found that the value of n 
can be larger than 1 [170, 219]. However, there is no specific requirement 
for the Equation 3.41. Therefore, the parameters selected for the simulation 
that result are those in the closest fit with the data obtained from the 
laboratory experiment. 
It is experimentally determined that the degree of adsorption differs 
proportionally with pressure until saturation pressure is reached. Applying 
higher pressure than the saturation point surfeits the adsorption rate, thus 
the Freundlich adsorption isotherm fails at higher pressure [205, 220]. The 
utilisation of the Freundlich adsorption isotherm method in the study is still 
valid because the pressure difference between the adsorption surface and 
its surrounding is small.  
3.4 Core flooding experiment for validation 
The model development is begun from the application of 
nanoparticles for the scale inhibitor squeeze. Therefore, a suitable 
laboratory experiment required for validation. A core-flood experiment result 
conducted by Zhang and co-workers [221] to investigate a non-equilibrium 
adsorption and precipitation of scale inhibitor is selected.  
In the experiment, Zhang et.al utilised a 13cm length Clashach 
sandstone core that is completely coated with epoxy resin that was placed 
inside an anti-leakage core holder. Two types of fluid were used in the 
experiment i.e. penta-phosphonate DETPMP and the phosphine-carboxylic 
acid (PPCA) scale inhibitor, with Lithium tracers included in the solution. At 
first, the cores were saturated with seawater, and the brine permeability was 
measured. Then the inhibitor slug with 50 ppm Li was injected with a stable 
flow rate using a Pharmacia P-500 high precision pump. The injection was 
carried out until 8-10 pore volume of inhibitor injection after the core 
achieved its saturation. At the end of the injection, the core was shut-in and 
heated to 70 oC. After 24 hours, the core was post flushed with seawater at 
different rate stages, i.e. 30, 5, 30, 300, and 5 ml/hr consecutively. The post 
flush was conducted until the inhibitor concentration had reached 1 to 2 ppm 
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active. At the end of the core flood, the brine permeability then was 
measured at room temperature and the effluent volume is measured using a 
fraction collection instrument, Pharmacia Frac-200. The effluent measured is 
from these following cases, i.e. results from the inhibitor injection stage, from 
the desorption/desolution of the early and the late stage. Since they 
assumed that the scaling inhibitor is retained in the rock formation with two 
mechanisms, i.e. adsorption and precipitation [119-121], they also displayed 
the comparison between the rate controlled precipitation and the rate 
controlled adsorption flood for both DETPMP and PPCA in the later post-
flush duration.  
From the experiment, they established a binary computer modelling 
based on the non-equilibrium adsorption in the variation of rates conducted. 
Firstly, they defined the dynamic of the non-equilibrium multicomponent 
system as the base principle for the isotherm and kinetic function. Then, 
they use a mathematical approach using the Freundlich model and rate 
expression to calculate the experimental inhibitor breakthrough curve. 
Freundlich model was selected rather than Langmuir, because the former 
appeared much better to represent the result from the experiment. 
This work is utilised for validation in the simulator because the report 
provides one of the most complete laboratory and simulation result to be 
reproduced. The approach is, however, different. In their case, the 
investigation was conducted for a 13 cm core sample. In this case, the 
investigation is focusing more to the phenomena in pore channel itself. 
Certainly, the geometry needs to be scaled down to the one required in the 
study. The investigation is also focused on the distribution of the 
nanoparticles in solution in the micro-sized pore channel. The behaviour of 
the injected nanoparticles is assumed similar to the injected PPCA in the 
work of Zhang et. al. This is assumed valid because both are treated as a 
diluted species, because the size of the nanoparticles is much less than the 
magnitude of the micro-channel. Some other assumptions are also required 
to utilise in the simulation, i.e. no slip in the system, monolayer and 
multilayer adsorption according to the adsorption mechanism selection, 
isothermal, adsorption process without precipitation process, no interaction 
between particles, no chemical reaction, incompressible effect, no pH effect, 
and no agglomeration. All the assumptions refer to Chapter 4 in this thesis. 
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3.5 Simulation Procedure 
The model is developed based on a core-flood laboratory experiment 
conducted by Zhang et.al. [221].  Two sets of equations for the 2D and the 
3D axis symmetric geometry are derived.  
 
 
 
 
 
Figure 3.9: Illustration for the simulation procedure 
 
A steady creeping flow is first solved, with fluid injected at the inlet. The 
velocity field from this calculation is then used in time dependent calculation 
of the concentration field by solving the advection dispersion equation. 
Hence, there is only one-way coupling and the presence of the nanoparticles 
is assumed not to affect the local fluid properties. Water is used for the fluid 
medium. The concentration of the injected nanoparticles is 12500 ppm, 
which number is selected based on the experiment conducted by Zhang 
et.al. [221]. This is illustrated in Figure 3.9 where the red arrow is the inlet 
concentration, the blue arrows are the adsorption process, the yellow arrows 
are the desorption process, and the outlet is the right boundary of the 
microchannel. 
There are two nanoparticle injection methods discussed in this study, 
i.e. (1) continuous injection along the simulation time and (2) discontinuous 
injection at the beginning of the simulation. These two injection methods 
have a different influence on the injected concentration distribution and 
adsorption/desorption profile in the system. The advection dispersion 
equation then is coupled with the adsorption isotherm equation that allows 
the concentration to be adsorbed on or desorbed from the channel wall 
governed by the concentration difference. By then the distribution of the 
particles concentration and the adsorption and desorption are investigated.  
Most of the investigation in the study is plotted against the simulation 
time and the injection volume. Injection volume is measured in the number 
of pore volume. The number of pore volume is a dimensionless unit that is 
cinitial= 0 
Cinlet =12500 ppm 
vo 
inlet 
outlet 
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measured by comparing the unit discharge over time and the volume of the 
domain. It follows the relationship below [222]:  
 
 ூܸ௡௝௘௖௧௘ௗ ൌ ݒ. ܣ. ݐܣ. ܮ  (3.42)
Removing the term A, 
 
 ூܸ௡௝௘௖௧௘ௗ ൌ ݒ. ݐܮ  (3.43)
 
where	ݒ is the inlet velocity [m/s], ܣ is the cross sectional area of the 
microchannel [m2], ݐ is the time interval [s], ܮ is the length of the 
microchannel [m], and ூܸ௡௝௘௖௧௘ௗ	 is the injected volume which is measured in 
the number of the pore volume (unit in Pore Volume, ܸܲ).  
3.6 Computational Fluid Dynamic (CFD) 
The simulation in this thesis is conducted by utilising Computation Fluid 
Dynamic (CFD). CFD is a branch of fluid mechanics engineering that 
predicts flow behaviour using mathematical physical problem formulation by 
solving partial differential equation system and algorithm that govern the 
fluid flow phenomenon. The process of CFD process is illustrated in Figure 
3.10. 
The knowledge of fluid mechanic is required to understand physic of 
fluid to solve a fluid problem. The physical properties of the fluid are 
described using mathematical equation, i.e. Navier-Stokes Equation as the 
governing equation of CFD, where partial differential equations (PDE) are 
included. For simple fluid problem, the equations can be solved analytically. 
However, for a complex CFD problem, the equations should be translated to 
discretized form, where the domain of the problem is divided into small parts 
(grid) where the discretization based on.  
There some tools for the translation process, including Finite 
Difference method, Finite Volume method and Finite Element method. 
Discretization of fluid problem using Finite Difference Method is conducted 
by local approximation by utilising expression of differential operator on 
predefined grid points. The grid points are usually placed very regularly, 
where the governing equations are given in a discrete expression. Hence, in 
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this method, any reference to the association of physical quantities with 
geometric object other than points is not present. Therefore, this approach 
sometimes does not give consistent result with development of further 
analysis.  
 
 
 
Figure 3.10: Process of computational fluid dynamics 
 
Discretisation of the field equation using Finite Volume Method is 
conducted by subdivides the problem domain in cells and writes the field 
equation in integral form on these cells. However, the deployment of an 
integral approach alone does not guarantee that all the requirements of the 
physical approach to the discretization are recognized and implemented, 
and even sometimes missing its fundamental distinction. Moreover, usually 
the discretization produced by the integral statements of this method does 
not include time variable, which is alternatively subjected to a separate 
discretization. The separation discretization for the time variable with the 
integral statement might result the possibility of time-stepping formulas that 
cannot be derived in a natural way from a space-time co-boundary operator 
[223, 224] 
The formulation in Finite Element Method is based on a direct physical 
approach that brings great geometrical flexibility with respect to the other 
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methods [223]. This feature is an important key benefit to use in this thesis 
because the study utilises microchannel domain with various surface and 
longitudinal geometries. It is the reason this method is selected to use in this 
thesis. The detail discussion for Finite Element Method is discussed in 
Section 3.7. 
Computer program with programming language is used to solve the 
calculation of the discretized form by utilizing computers. When the 
simulation results are obtained, they are compared and analyse with 
experiments and real fluid problem. The process is repeated until the 
simulation results satisfy the experiment of the real fluid problem. In this 
thesis, COMSOL version 4.2a is used to conduct the FEM simulation. 
COMSOL enables the coupling of multiphysics into the flow very effectively. 
CFD simulation has advantage over experiment to study fluid 
phenomenon. CFD is cheaper and faster to run compare to experiment. The 
study using CFD can be conducted to any scale, where the scale of 
experiment is limited. Information can be retrieved continuously along the 
domain and simulation time, however information from experiment can only 
be obtained from measurement point. CFD simulation is repeatable, but 
experiment sometimes not repeatable. CFD hardly has any negative effect 
to health and safety and experiment is sometime dangerous and unsafe for 
environment [225]. 
3.7 Finite Element Analysis (FEA) 
The Finite Element Analysis (FEA), or as well known as Finite Element 
Method, is a suitable numerical analysis method for solving computational 
problems over complicated domains. The solution of the problem involves 
solving the governing partial differential equations iteratively until the error 
falls below a specific tolerance. It is widely used for many areas of sciences, 
engineering, and applied mathematics i.e. solid mechanics, heat transfer, 
electromagnetism, fluid mechanics, etc. 
Burnett [226] specified four concepts in understanding the FEA: 
system, domain, governing equation, and loading condition. The system is a 
physical object contained of different materials of solids and/or fluid. The 
domain is the spatial region or time occupied by the system. The governing 
equation is typically differential or integral equations expressing a 
conservation of some physical properties, which are considered in the 
system. The equations also include constitutive equations for the material, 
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e.g. physical constants from laboratory experiments. The last one, the 
loading condition, is the external forces subjected to the system. This load 
may present in the interior of the domain as a part of the governing equation. 
This load is known as the interior load. Or else, this load also may act on the 
boundary of the domain. This type of load presents in separate set of 
equations called the boundary condition. Loading condition corresponds to 
solid mechanics-property. In the fluid dynamics, this corresponds more to 
the boundary condition of the system (i.e. no slip condition and the inlet 
velocity). 
The fundamental ideas of the FEA includes the discretisation, 
interpolation and minimising the error. Discretisation means that the domain 
of the model is divided into smaller regions of finite size. One small region is 
called an element and this is where the nomenclature of ‘finite element 
analysis’ comes from. The geometry of the finite element can be triangular, 
rectangular, tetrahedral, cubes, etc. The elements, which are also known as 
‘mesh’, must cover the entire domain without overlapping with each other. 
The intersection of two elements is either on a common vertex or a common 
full edge. There also must not be any gap between two adjacent elements 
[227, 228]. 
Each element contains the governing equations where then is 
transformed into algebraic equations by approximation. Thus, the value in an 
arbitrary location within the elements can be computed, which is known as 
interpolation. The approximation has to be validated using an error function. 
By iteration, the error is minimised to obtained high accuracy result. The 
result obtained from simulation will be employed to understand the physics 
of the flow and particle distribution in the porous media. The simulation is 
conducted using fully implicit numerical method.  
3.8 Model Overview 
The model developed is versatile and provides flexibility of using 
different corresponding equations and approaches that are solved using 
Finite Element Method. Initially the geometry of the microchannel is 
specified whether it is a 2D channel or the 3D axis symmetrical channel 
geometry. The inlet of the microchannel and the outlet are then configured 
according the geometry used in the simulation, which refers to Section 3.3.2.  
A certain concentration c =ܿ௜௡  is introduced from the inlet of the 
microchannel which normally located at the most left boundary of the 
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microchannel. There is initially no concentration in the microchannel and 
neither on the microchannel wall. The injected concentration propagation 
inside the microchannel is governed by the Equation 3.26 along with a 
steady creeping flow which governed by the Equation 3.23. The steady state 
creeping flow follows the Newton linear direct solver. 
The introduced concentration is given by two ways, i.e. continuously 
and discontinuously along the simulation time and for a fixed time length at 
the beginning of the simulation. The fluid used in the model is 
incompressible water. The effect of the diffusion is considered in the 
Equation 3.26, which follows the Fick’s law in Equation 3.24 that values are 
obtained from Equation 3.11. During the propagation, some of the particles 
that located close to the microchannel wall are adsorbed to or desorbed 
from the channel wall, which is governed by the Equation 3.34. The right 
hand side of the Equation 3.34 is the adsorption isotherm equation. The 
temperature of the system in the reservoir tends to be constant; thus, the 
simulation is conducted isothermally. Therefore, the adsorption isotherm 
equation selected is either the Langmuir equation (i.e. Equation 3.36) or the 
Freundlich equation (i.e. Equation 3.41). These two equations are selected 
due to the nature of the equation for the simplicity to define the aspect of the 
adsorption and desorption separately.  
Both of Langmuir and Freundlich equations are investigated and one of 
them that provide the most satisfying results with experiment is selected to 
be utilised in the study. Since the advection at the outlet is assumed to be 
significantly, more dominant than the diffusion due to the nature of the 
magnitude, the diffusion in the adsorption boundary is neglected which is 
governed by Equation 3.29. The full form of the governing equation for the 
outlet boundary follows Equation 3.30.  
The model validation is compared to a laboratory experiment results 
from Zhang et.al. [221] and the equations obtained are subjected to further 
studies. Thus, the movement of the concentration front is investigated in 
order to investigate the particle distribution. The outlet effluent concentration, 
the adsorbate mass, and the adsorbate concentration are also observed in 
order to study the effect of the adsorption and desorption process to the 
system. The profile of these parameters is obtained by averaging the 
magnitude along the corresponding boundaries in times. 
The solution is obtained by using the Finite Element Analysis (FEA) 
method that utilises a commercial multiphysics software platform for 
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simulating physics-based problems, COMSOL version 4.2a. The domain of 
the system is expressed by a set of triangular grids. The solution for the 
parameters for each location in the grid are obtained using the governing 
partial differential equation introduced previously by iteration until the error 
falls below a specific tolerance. The transient simulation for the 
concentration flow and the adsorption-desorption process follows the 
Newton nonlinear solver with Jacobian numerical computation that is 
updated on every iteration. 
The assessment of the mesh density needed to get grid independent 
result is important. Therefore, the mesh should be tested in order to get the 
most suitable mesh setting for an efficient simulation without sacrificing its 
accuracy. A systematic study is carried out by conducting several 
simulations using a typical problem. Each simulation uses different mesh 
setting. Then the results obtained from each model are compared to 
investigate the most suitable mesh setting for the simulator. The detail is 
referred to Section 4.4 in Chapter 4.  
3.9 Summary 
This chapter presented the methodology of designing a simulator to 
study the distribution of the nanoparticles in porous media. The 
nanoparticles are treated as a concentration and the porous media is 
approached by introducing a single microchannel. The simulation is flexible 
where two types of geometry are considered, i.e. the 2D microchannel 
geometry and the 3D axissymmetric geometry. The former is subjected for 
modelling pore model that has longitudinal variance, i.e. microchannels with 
tortuosity difference. The latter is for modelling pore model that has variance 
in radial direction, i.e. microchannels with different roughnesses and 
microchannels with dead end regions. The detailed design is presented and 
explained with inclusion of the assumption and model simplification.  
A finite element analysis is utilised to provide information for the 
analysis about the propagation of the nanoparticle concentration and the 
adsorption-desorption process in the microchannel.  
  
Chapter 4  
Distribution of Nanoparticles in a Single Straight 
Microchannel  
 
4.1 Introduction 
This chapter presents the development of a simulation for the 
distribution of nanoparticles in a single straight microchannel representing a 
pore throat within a rock formation. The purpose is to explore and validate a 
model linking bulk flow and surface adsorption/desorption using a simple 
geometry, before introducing more complicated geometry effects in later 
chapters. 
Adsorption of the scale squeeze inhibitor is proportional to the surface 
area of the pore in the rock formation. Due to the magnitude of the size, 
nanoparticles have large specific surface area. Large surface area improves 
the frequency of any collision which results to a higher degree of adsorption 
[38]. Placing a layer of nanoparticles on the channel wall is one of the ways 
to increase the pore surface area [35]. This enhances the amount of the 
scale inhibitor adsorption on the rock surface and prolongs its lifetime.  
It is important to understand the behaviour of the nanoparticles in the 
pore channel, i.e. the transportation, adsorption, desorption, etc. By 
understanding the behaviour, better prediction of the distribution and 
placement of the nanoparticles inside the rock will be easier. The behaviour 
of nanoparticles in porous media has been conducted for more than a 
decade [54, 171]. However, as far as the author is aware, there is no study 
or simulation that focuses specifically on the adsorption and desorption 
mechanisms inside the pore-channel itself. Therefore, the mechanisms are 
discussed in this study. 
Nanotechnology is still quite a new thing in the oil and gas industry. 
Furthermore, there are Health, Safety, and Environment (HSE) concern that 
need to be considered  [35]. It is important to understand the distribution and 
placement of the injected nanoparticles in porous media. Many studies have 
been conducted to investigate the behaviour of nanoparticles in porous 
media [54, 171]; however the studies were mostly conducted for a 
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macroscopic flow  in a core-scale sample and there is none yet establish a 
simulation that focus specifically on the adsorption and desorption 
mechanism inside the pore-channel itself. Considering the magnitude and 
the size of the nanoparticles compare with the magnitude of the pores 
diameter, the nanoparticles can be modelled as a concentration field. 
Therefore, any chemical injection is potentially usable as a means for 
validation. However, specific chemistries will be important in different cases 
since it will influence the parameters used in the adsorption and desorption 
governing equations. In our study, any specific chemistry reaction in the 
system is not considered. 
After a large number of literature reviews, the laboratory experiment 
results which conducted by Zhang et. al. [221] has been selected to explore 
and validate the model developed in the study. The experiment was 
conducted to investigate the adsorption of an injected solution through a 
core sample from a core flooding experiment of a scale squeeze treatment. 
In the experiment, 13 cm Clashach sandstone was flooded with each of a 
few solutions containing penta-phosphonate, Diethylenetriamine Penta 
Methylene Phosphonic acid (DETPMP) and phosphino-carboxylic acid 
(PPCA). In the study, only the injection of PPCA is to be investigated for a 
comparison for nanoparticles injection. PPCA is selected because this 
chemical is a common substance to use in the oil industry to treat the 
produced water because of its nature to have a strong inhibition capability 
[123]. The injected PPCA is treated as a concentration within the bulk fluid, 
which acts as the analogy for the nanoparticles concentration. 
All the known and existing experiment data and result from Zhang’s 
articles are considered in developing the simulation tool. Clashach-type 
sandstone is used as the sample of the porous media. The average size of 
this sandstone’s pore-channel is 15 µm [229]. Another source defined the 
typical pore throat diameter for a sandstone core is 20 µm [53]. The 
magnitude of the pore channel size in the study is taken from the latter 
source.  
Later on, the pore channel will be known as a term of ‘microchannel’. 
Unfortunately, the complete raw input data of Zhang’s experiment is not 
available. Therefore, some assumptions to simplify the model were used to 
convert the properties used in the core flood for the microchannel model in 
the simulator. The details of the assumption are discussed in Chapter 3. The 
simulator takes account the modelling of the fluid flow, particle-transport 
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within the flow, and the mechanism of particles’ adsorption and desorption 
on the wall of the microchannel. The trends of the adsorption/desorption 
obtained from the simulation are compared with those from the laboratory 
experiment. 
The tools developed comprise of two geometry configurations, i.e. the 
2D and the 3D axis-symmetric geometry. The 2D geometry benefits the 
simulation for longitudinal geometry configuration, such as the microchannel 
with tortuosity, microchannel with the dead end regions, etc. The 3D axis-
symmetric geometry benefits to approach the real micro pore-channel better.  
4.2 Aims and Objectives 
In this chapter, a development of a conceptual model and simulator to 
model the transport of nanoparticles in a single straight microchannel is 
discussed. Injection of PPCA at a certain concentration is used for the 
equivalence of the nanoparticles concentration. PPCA is selected because 
this chemical is a type of nanoparticle and is commonly use in the oil 
industry to treat the produced water because of its nature to have a strong 
inhibition capability [123]. The model is validated with the results from a core 
flood experiment to test the performance of the model. This model will be 
used for the basis for further simulation of the nanoparticle transportation in 
microchannels.  
4.3 Simulation Setup 
4.3.1 General Assumptions of the Simulation 
Some assumptions are utilised to simplify the mechanism of the 
transportation and adsorption/desorption process of the particles in the 
microchannel. The nanoparticles are small, inertless and dilute, and 
therefore treated as a concentration field that travels together in a carrier 
fluid under a steady creeping flow. The carrier fluid is water and assumed to 
be incompressible. There is no slip between the carrier fluid and the diluted 
nanoparticle concentration. Hence, the concentration field propagation is 
advected by the bulk flow. Diffusion of the nanoparticle concentration is also 
included, which is the function of the concentration difference in the system. 
There is no reaction between the nanoparticles in the concentration, which 
means that there is no process of agglomeration and/or repulsion between 
the nanoparticles considered in the model.  
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There is also no slip between the fluid and the microchannel wall, 
therefore the velocity at the wall is zero. The wall is incompressible and 
receives no deformation. The adsorption and desorption process happens 
only at the microchannel wall, following an adsorption isotherm mechanism 
which is influenced by a concentration difference between the fluid bulk and 
the wall. The effect of the temperature and pH effect is neglected. Further 
details of the assumptions are given in Chapter 3 section 3.3. 
 
4.3.2 Geometry Configuration 
Two geometries used for investigation, which are 2D and 3D axis 
symmetric geometry. The 2D geometry considers a micro-sized channel 
between two flat planes. This is used as the basis for further modelling 
which considers bends and dead-end regions in the microchannels. The 
illustration for the 2D model is shown by Figure 4.1, where the inlet of the 
microchannel is the left boundary and the outlet of the microchannel is the 
right boundary. The adsorption surfaces are the top and the bottom 
boundaries of the geometry. 
 
Figure 4.1: Geometry for the 2D model (units are µm)  
 
The second geometry is a 3D axis symmetric. This geometry brings 
the model closer to a realistic 3D microchannel model. The illustration of this 
configuration that is utilised for the modelling is shown in Figure 4.2 (left). 
The blue coloured boundary in this figure is the adsorption surface, and the 
boundary with the red-dotted-line is the axis symmetric of the geometry. The 
actual geometry in the simulation looks as it is shown in Figure 4.2 (right). 
Inlet 
Wall (adsorption surface)
Wall (adsorption surface) 
Outlet 
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Therefore, the model considers the effect of the actual cylindrical surface 
area geometry and not only in a two-dimensional geometry. 
 
  
Figure 4.2: Geometry for the 2D axis symmetric model (left) and the 
corresponding 3D appearance (right) 
 
4.3.3 Governing Equation for the Simulation 
The governing equation of this simulation is divided into two sets of 
equations. The first set of equations describes the steady flow of the carrier 
fluid. The second equation is to solving the solid (nanoparticle concentration) 
transport. The adsorption and desorption happens at the boundary of the 
domain which follows adsorption isotherm mechanism. Langmuir and the 
Freundlich adsorption isotherm approaches are both initially investigated 
and compared to be utilised for further studies where selected laboratory 
experiment result used for validation. These two mechanisms are 
investigated because these two methods provide potential to easily 
understand the process of the adsorption and desorption in the system. The 
detail for the governing equation is discussed in Chapter 3 section 3.3.  
 
4.3.4 Experiment Data and Result for Validation 
The results from the core flood laboratory experiment conducted by 
Zhang et. al. [221] was used to validate the developed simulator. In the core 
flood experiment, a scale inhibitor slug was injected continuously to a 13 cm 
core until a full saturation condition was achieved. Then the core was 
flushed out with multiple flow rates of 30 ml/hr, 5 ml/hr, 30 ml/hr, 300 ml/hr, 
Wall (adsorption surface) 
Inlet
Outlet 
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and 5 ml/hr sequentially, until the concentration of the scale inhibitor in the 
effluent reached 1-2 ppm active. 
 
Figure 4.3: Injection and the early post flush stage for the PPCA 
concentration (reproduced from Zhang et. al. [221]) 
 
Two results from Zhang’s experiment are used for the validation. The 
first result is the trend of the PPCA adsorption onto the porous media wall 
during the injection and the early post flush stage. It is important to note that 
a post flush stage in a scale squeeze injection treatment is where the scale 
inhibitor chemical is injected into the reservoir before the shut in stage. The 
injection and the early post flush stage included an injection of 12500-ppm 
concentration of PPCA until the core was fully saturated. Zhang conducted 
the experiment for four different injection substances, i.e. PPCA, Li, Ca, and 
Mg. The effluent profiles for these substances are shown in Figure 4.4. The 
effluent is characterised as a normalised effluent concentration, which is 
measured by dividing the effluent concentration by the initial injected 
concentration. The normalised effluent concentration is plotted against the 
injection volume, which the latter is measured as the number of volume of 
the pore space in the core. However, the trend of the PPCA effluent is the 
only one considered in our study because PPCA is a common substance to 
use in the oil industry to treat the produced water because of its nature to 
have a strong inhibition capability [123].  In the Figure 4.4, the trend of the 
PPCA is shown by a dark blue coloured profile. The PPCA is injected into 
the core until it reach saturation point after one pore volume. The injection is 
continued to 15 pore volume of the core to assure the system achieve the 
saturation. After 15 pore-volumes, post flush is then conducted. The trend of 
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the effluent obtained versus the injection volume from the simulation is 
compared to the one in this figure. 
The second validation to compare the simulation result with the PPCA 
effluent profile from the post flush stage of injection. The original result taken 
from the lab experiment is shown in Figure 4.4 where five sequential multi-
rates injections were conducted. By default, the simulator developed 
measures effluent concentration in mol/m3. To convert this units to ppm, 
average molecular weight of PPCA is introduced, i.e. 3600 gr/mol [230, 231]. 
There are some challenges to simulate results from the laboratory 
experiment. In the original lab experiment, the sample was a core with 
arbitrary pores. The length of the sample was 13 cm with unknown diameter 
dimension. In order to establish a microchannel model, the dimension of the 
core diameter is important to know hence to be converted afterwards to the 
microchannel diameter. Therefore, a  typical diameter of a core sample used 
in core flood experiment is used for the simulation, i.e. 1.50 inches (≈3.81 
cm) [232]. 
 
 
Figure 4.4: PPCA concentration in the effluent vs the injected pore volume 
(reproduced from Zhang et. al. [221]) 
 
The flow and adsorption/desorption process occurs in a pore in this 
core sample is used in the study. The pores are assumed a single 
microchannel as a simulation domain that provides access to investigate 
concentration flow, adsorption and desorption process mechanism for 
various microchannel surface and longitudinal geometry variation. Hence, 
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the property of the core sample is then “transferred” to this microchannel. A 
typical pore size diameter for the sandstone core is used, i.e. 20 µm [53] and 
the length is taken based on the length of Zhang’s core sample, i.e. 13 cm. 
The detail for the model geometry is discussed in Chapter 3. Diffusion is 
considered in the study which diffusion coefficient follows Wilke-Chang 
method [193, 194] that is shown by Equation 3.26. This equation is suitable 
for the study since its valid for solvent in water. The data in the Table 4.1 
below is used in determining the diffusivity coefficient used in the study:	 
Parameter Value Units 
ܯ஻, water molecular weight 18.015 [233]  g/mol 
ܶ, absolute temperature 474.15 K 
ߟ஻, viscosity of water 0.138 [233] cP 
஺ܸ,	molar volume of PPCA = ܯ஻ ߩൗ 3537.32 [234] cm3/mol 
߶, association factor of solvent  2.6 [193] dimensionless 
Table 4.1: Data for calculating diffusivity coefficient  
By introducing the values in Table 4.1 into Equation 3.26, hence 
 
ܦ஺஻௢ ൌ ܦ௣ ൌ 7.4ݔ10଼
ሺ2.6ݔ18.02ሻ଴.ହݔ474.15
0.138	ݔ	3537.32଴.଺  
ܦ݌ ൌ 1.29	ݔ	10െ5 	ܿ݉2 ݏൗ  
 
Zhang et al [221] used Freundlich adsorption isotherm to calculate 
the adsorption. In the study, it is required to assess the adsorption and 
desorption mechanism separately to gain access for the thorough 
understanding of the process. Initially, Langmuir adsorption isotherm was 
selected to use as the governing equation for simulating the adsorption and 
desorption process. The adsorption and desorption mechanism in the 
Langmuir adsorption isotherm is easy to investigate since the term of the 
adsorption and desorption are separated with considering the available 
adsorption surface of the channel. However, it is normally difficult to satisfy 
results from a laboratory experiment with Langmuir adsorption due to the 
nature of the linear relationship in this approach.  
Freundlich adsorption isotherm mechanism offers robustness more 
than the Langmuir adsorption isotherm mechanism to match results from the 
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laboratory experiment. However, the original Freundlich equation (Refer to 
Equation 3.38) is an empirical equation with limited ability to interpret the 
coefficient. In order to gain access for clear understanding of the adsorption 
and desorption process, the Freundlich adsorption isotherm method utilised 
the fractal reaction kinetics derived by Skopp [170] is used, where the term 
of adsorption and desorption are expressed separately similar with the 
Langmuir adsorption isotherm. The concentration profile in the simulation is 
plotted against the simulation duration and the injection volume. The 
injection volume is measured in the number of pore volume that follows 
Equation 3.39. There are four variables in this equation, i.e. ݇௔ௗ௦, ݊௔ௗ௦, ݇ௗ௘௦, 
݊ௗ௘௦, hence it will be more possible to match the results from the laboratory 
experiment. For detail of both methods refer to Chapter 3 and the simulation 
results for each method are discussed in Chapter 4.5. 
4.4 Mesh sensitivity Study 
It is important to assess the mesh density needed to achieve grid 
independent result for the simulation. Therefore, a simple study was carried 
out by conducting simulation in various mesh settings.  
 
Figure 4.5: Results for the mesh sensitivity study 
Number of element indicates the size of each mesh element and the 
density of the mesh. Since the domain of the microchannel is constant, high 
magnitude of mesh element means the mesh contains high density of small-
size mesh elements. Inversely, low mesh element magnitude means the 
mesh contains low density of large-size mesh elements. Low number of 
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element offers quick simulation time but is low in accuracy. High number of 
element provides higher accuracy than the former, but the simulation time 
may take significantly long. The number of element in the mesh must not be 
too low to maintain the accuracy. However, it also must not be too high since 
the simulation becomes inefficient. Therefore, the number of element used 
in the mesh setting should be optimised. 
A simple simulation for seven different mesh configurations was run 
under a constant injection velocity (vo= 8.08x10-5 m/s) for a microchannel 
with diameter of 20 µm and length 200 µm. Since the simulation is run under 
a similar steady state velocity, maximum velocity contrast or magnitude of 
Reynold’s number cannot be used for investigating the mesh size; therefore 
pressure difference between inlet and outlet of the microchannel is used for 
comparison. The small magnitude of the pressure difference presents due to 
the magnitude of the microchannel, however the results are still comparable. 
The results for the mesh element investigation are shown in Figure 
4.5, which is showing a plot between the inlet-outlet pressure differences for 
the model against the number of element of the mesh. It appears the 
simulation result is insensitive to the mesh for mesh’s number of element is 
larger than 22000. Hence, number of mesh element 22000 is used then in 
the subsequence simulation in the study. 
4.5 Comparison with Experiments 
 
 
Figure 4.6: The typical profile of the velocity magnitude at the inlet (left) and 
at the outlet (right)  
The simulation is conducted by injecting a certain concentration of 
particles through the left boundary of the microchannel. The injection 
happens under a steady state creeping velocity and constant pressure 
difference. The profile of the creeping flow velocity along the vertical axis 
follows a parabolic trend. The typical trend of the velocity magnitude at the 
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inlet and outlet are shown in Figure 4.6 (left) and Figure 4.6. (right) 
respectively. The highest velocity is at the middle of the microchannel and 
the lowest on each of the walls. Low velocity that occurs at the distant close 
to the microchannel walls allows the adsorption and desorption process to 
happen effectively in the area.  
Figure 4.7 shows the pressure profile at the inlet and the outlet of the 
microchannel. The pressure difference between the inlet and outlet 
boundaries observed is 26.6 Pa where the pressure alters gradually from the 
inlet boundary towards the outlet.  
 
  
Figure 4.7: The typical profile of the pressure magnitude at the inlet (left) 
and at the outlet (right) 
The rate of the injection and the initial early post flush stage are not 
clearly described in the original article. Therefore, the value of both is 
assumed to be similar to the first of the five injection rates in the post flush 
stage, i.e. 30 ml/hr.  The complete multi injection rates used in the post flush 
stage is shown in Figure 4.8. 
 
Figure 4.8: Flow rates at the post flush stage 
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4.5.1 Obtaining the Adsorption Parameters 
In this study, both Langmuir and Freundlich adsorption isotherm 
mechanism are investigated to select the most suitable correlation to 
reproduce result from the laboratory experiment. The process of obtaining 
the adsorption parameters in the Langmuir adsorption isotherm and the 
Freundlich adsorption isotherm is discussed in this section. There are two 
experiment results to match for obtaining the adsorption isotherm 
parameters, i.e. (1) the trend of the effluent concentration for the injection 
and the early post flush stage and (2) the multirate post flush concentration 
injection. The parameters needs to be configured are the ݇௔ௗ௦ and ݇ௗ௘௦ in 
the Equation 3.34 for Langmuir adsorption isotherm and ݇௔ௗ௦, ݇ௗ௘௦, ݊௔ௗ௦	and 
݊ௗ௘௦	in the Equation 3.39 for Freundlich adsorption isotherm. Instead of 
using regression method, these parameters are obtained by trial and error 
method. This method allows investigation for the effect of the adsorption 
parameter to the concentration profile from the laboratory experiment, 
although this method seems more impractical than using a standard 
regression method, e.g. least square method.  
Two geometry settings, i.e. 2D and 3D axisymmetric geometries are 
to be used for modelling. The model that is utilising these two geometry 
approaches can be scaled up accordingly to institute a more complex pore-
network model to simulate the core behaviour (Refer to Chapter 3 for detail 
explanations). Effluent and adsorbate concentration on the corresponding 
boundaries are compared. Concentration profiles in the simulation are 
obtained by averaging the magnitudes along the boundaries during the 
simulation time or injection volume. 
4.5.1.1 2D Geometry - Langmuir Adsorption Isotherm 
Many combinations of ݇ܽ݀ݏ and ݇݀݁ݏ  are examined in order to obtain 
suitable equations whose results fit the laboratory experiment. It is 
straightforward to match the trend for the effluent concentration for the 
injection and the early post flush stage. This happens because the advection 
dominantly contributes the process of the adsorption of the nanoparticles 
concentration on the microchannel wall during this stage. The typical 
comparison for the effluent concentration between the experimental result 
and the simulation is shown in Figure 4.9.  
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Figure 4.9: PPCA Average Effluent Concentration for the Injection 
and Early Post flush Stage: Experiment and Simulation (Langmuir) 
 
However, it is another challenge to match the effluent concentration 
profile for the post flush stage due to inclusion of the various injection rates. 
After many trials, it is found that the Langmuir adsorption isotherm approach 
is not able to model the experiment fully with an acceptable degree of 
satisfaction. It happens due to the linear nature of this method that cannot 
reproduce the result from the laboratory experiment after numerous of 
regression processes. The comparison of the effluent concentration profile 
obtained from the simulation and the laboratory experiment is shown in 
Figure 4.10. (Note: only the profiles that is close enough to the match the 
experiment result is shown). 
Although a well match is difficult to obtain, the Langmuir approach 
can still model the effect of different flow rates on the desorption 
mechanism. The effect of the low flow rates (in this case is 5 ml/hours) is 
less sensitive than the actual result from the experiment. One of the 
concentration profiles that represent this finding is displayed in Figure 4.10. 
The values of the kads and kdes for the trend in the figure are 1x10-3 m/s and 
3.16x104 mol/ (m2.s) respectively. 
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 Figure 4.10: Post flush average effluent concentration vs pore volume 
(Langmuir Adsorption Isotherm) 
 
4.5.1.2 2D Geometry - Freundlich Adsorption Isotherm 
The second adsorption equation to validate is the fractal Freundlich 
adsorption isotherm. It is discovered that this approach is suitable for 
modelling the experiment more than the Langmuir method. This discovery 
has a good agreement with Zhang’s suggestion where Freundlich adsorption 
isotherm was used as the basis for the modelling for their experiment [221]. 
The utilisation of this approach does not consider the alteration of adsorption 
surface availability on the wall. Freundlich adsorption isotherm considers the 
adsorption and desorption mechanism as a function of concentration 
difference between the fluid bulk and the adsorption surface.  
However, instead of using the conservative Freundlich adsorption 
isotherm approach, the Freundlich adsorption isotherm equation that derived 
by Skopp [170] is utilised where the forward and reverse adsorption are 
addressed separately [170] (Refer to Chapter 3 for the detail explanation.) 
There are four independent parameters that need to be included in this 
approach, i.e.		݇ܽ݀ݏ, ݊ܽ݀ݏ, ݇݀݁ݏ, and ݊݀݁ݏ. It is challenging and not simple to 
match a rate-dependent effluent concentration profile obtained from a 
laboratory experiment with an equation that considers four independent 
variables. Each of the variables should be adjusted from one and another to 
obtain a best-fit effluent concentration profile obtained from the experiment. 
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A study is conducted to investigate the effect of each parameter for 
the effluent concentration profile. Various set of 	݇ܽ݀ݏ, ݊ܽ݀ݏ, ݇݀݁ݏ, and ݊݀݁ݏ 
combinations are simulated to establish an effluent concentration profile that 
is matched with the result from the experiment. The initial parameters used 
for the study are  ݇ܽ݀ݏ  = 1x10-2, ݊ܽ݀ݏ = 0.5, ݇݀݁ݏ = 1x103 and ݊݀݁ݏ	= 0.5. Each 
value of the variables is updated and the simulation result is compared by 
the effluent concentration profile for the multirate post flush injection 
obtained from the experiment, which is called the base case. The results are 
numerous, however only a few representative trends are shown in this 
chapter. 
 
 
Figure 4.11: Preliminary study for the ܓ܉܌ܛ sensitivity - Average Post Flush 
Effluent Concentration (Freundlich Adsorption Isotherm) 
 
At first, the effect of ݇ܽ݀ݏ to the concentration profile is investigated. It 
appears that excessive ݇ܽ݀ݏ significantly shifts and flatten the trend down. 
This means the ݇ܽ݀ݏ value significantly influences the adsorption and 
reduces the desorption. Some of the trends obtained from the preliminary 
study are shown in Figure 4.11, which are for ݇ܽ݀ݏ  between 10-5 and 10-4 
with predefined constant values of ݊௔ௗ௦ ൌ0.45, ݇ௗ௘௦ ൌ	3.16x104, and ݊ௗ௘௦ ൌ 
10.  
The second sensitivity study is to investigate the effect of the ݊ܽ݀ݏ to 
the effluent concentration profile. It is discovered that this parameter should 
be low enough to maintain the shape of the concentration profile 
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proportional to the base case. It also found that the effect of ݊ܽ݀ݏ differs 
more dominant for low injection rate. Figure 4.12 shows the trend for the 
݊ܽ݀ݏ sensitivity that range sets between 0.3 and 0.5 with constants ݇௔ௗ௦ ൌ 
3.16x10-5, ݇ௗ௘௦ ൌ 3.16x104, and ݊ௗ௘௦ ൌ	5. High magnitude of  ݊ܽ݀ݏ flattens 
the concentration profile and decreases the magnitude of the effluent 
concentration. 
 
 
Figure 4.12: Preliminary study for the ܖ܉܌ܛ sensitivity - Average Post Flush 
Effluent Concentration (Freundlich Adsorption Isotherm) 
Subsequently the effect of the ݇݀݁ݏ for the effluent concentration is 
investigated. It is discovered that the magnitude of the ݇ௗ௘௦	balances the 
effect from ݇௔ௗ௦. The effect of the ݇ௗ௘௦ is somehow appears to be 
insignificant in this case, which is caused by the magnitude of the rest of the 
other Freundlich parameters. Some of the trends obtained from the 
preliminary study of the ݇ௗ௘௦ between 1x104 and 1x105 is shown in Figure 
4.13 with predefined constant values of ݇௔ௗ௦ ൌ	3.16x10-5, ݊௔ௗ௦ ൌ 0.45, and 
݊ௗ௘௦ ൌ10. 
Finally, the preliminary study for the ݊ௗ௘௦ is conducted. The 
magnitude of ݊ௗ௘௦ gives influence to the magnitude of the effluent 
concentration. Low ݊ௗ௘௦ decreases the effluent profile, which means less 
desorption. Inversely, high ݊ௗ௘௦ increases the effluent profile, which means 
more desorption. Some of the trends obtained from the study are shown in 
Figure 4.14 which ݊ௗ௘௦ values are ranged between 5 and 15. 
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Figure 4.13: Preliminary study for the ܓ܌܍ܛ sensitivity (Freundlich Adsorption 
Isotherm) 
 
 
Figure 4.14: Preliminary study for the ࢔ࢊࢋ࢙	sensitivity (Freundlich Adsorption 
Isotherm) 
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Freundlich adsorption isotherm equation found that the magnitude of the 
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discoveries that this parameter can exceed 1 [170, 219]. In this study, the 
consideration for the ndes follows that which may exceed the value of one. 
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from the simulation is merely meant to be fitted with the experiment result. 
Moreover, there are many simplifications and assumptions utilised in the 
modelling compared to the real laboratory condition.  
 
݇௔ௗ௦ ݊௔ௗ௦ ݇ௗ௘௦ ݊ௗ௘௦ R2 
3.16E-05 0.5 3.16E+04 5 0.654265414 
3.16E-05 0.5 3.16E+04 6 0.674565681 
1.00E-04 0.45 3.16E+04 10 0.697871096 
3.16E-05 0.5 3.16E+04 8 0.70112182 
3.16E-05 0.5 3.16E+04 15 0.702596154 
3.16E-05 0.5 3.16E+04 10 0.712681735 
1.00E-05 0.45 3.16E+04 5 0.719696051 
5.62E-05 0.45 3.16E+04 10 0.722595919 
3.16E-05 0.45 1.00E+05 10 0.747840935 
3.16E-05 0.45 6.31E+04 10 0.748801493 
3.16E-05 0.45 3.16E+04 10 0.750713183 
3.16E-05 0.45 1.78E+04 10 0.753924899 
3.16E-05 0.45 1.00E+04 10 0.756082289 
1.00E-05 0.45 3.16E+04 8 0.790336977 
1.00E-05 0.45 3.16E+04 10 0.808668597 
1.58E-05 0.45 3.16E+04 10 0.999826136 
 
Table 4.2: Freundlich Adsorption Isotherm Investigation (2D geometry) 
Further study of finding the combination of the four parameters is 
conducted to obtain the best-fit equation to model the lab experiment.  The 
R2 of each equation is investigated and some of the results for this study are 
shown in Table 4.2.  The detail figures of the results are found in the 
appendix. The parameter set with highest R2 (=0.99982) is selected. For this 
selection,  ݇ܽ݀ݏ ൌ 1.58x10-5 [m/s], ݊ܽ݀ݏ ൌ0.45, ݇݀݁ݏ ൌ 3.16x104 [mol/ (m2.s)], 
and ݊݀݁ݏ ൌ 10.   
Figure 4.15 shows the comparison between the experiment result 
and the modelling where both appear to be in fairly good agreement. The 
trend of the effluent concentration decreases rapidly from the initial 
concentration at 12500 ppm. It follows the release of the concentration due 
to the 30 ml/h flow rate in the initial post flush duration.  The effluent 
concentration increases slightly when the flow rate reduces to 5 ml/hr 
between the injection volume of 50 and 100 pore-volumes. Then the trend 
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falls from injection volume 100 to 150 pore volume due to the increase of the 
flow rate to 30 ml/hr. Afterwards, the concentration decreases more as the 
flow rate increase to 300 ml/h and finally rises again as the flow rate returns 
to 5 ml/ hr.  
 
 
Figure 4.15: The Comparison of the Post Flush Effluent concentration for 
the experiment (blue line) and the 2D geometry (green line) - 
Freundlich Adsorption Isotherm 
 
It is discovered that the post flush injection rate has a negative 
correlation with the effluent concentration. It is seen in Figure 4.15 that low 
injection rate brings high effluent concentration. Inversely, high injection rate 
brings low effluent concentration. Since effluent concentration is proportional 
to the desorption, the post flush rate (advection) has a negative relation with 
the desorption rate. This shows that advection give more significant effect to 
adsorption than to desorption. Some errors between the simulation results 
and the experiment presents due to the limitation to gain access for the 
original experiment result. Simplification in the model also might give 
contribution to the difference. To improve the simulation, it is possible to 
establish a more complicated model that reproduce domain and condition 
that present in the laboratory experiment, however it needs more powerful 
computer source to construct and run. Complicated model is not necessarily 
required in this thesis since investigation for concentration profile, 
adsorption, and desorption in various longitudinal and surface geometry 
configuration. 
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4.5.1.3 3D Axis-symmetric Geometry - Freundlich Adsorption 
Isotherm 
It is important to investigate the corresponding Freundlich adsorption 
isotherm equation for the 3D axis-symmetrical geometry because this 
geometry provides a more representative approximation to the geometry of 
an actual pore channel.  
 
 
Figure 4.16: Comparison of the Post Flush Effluent concentration from the 
experiment (blue), 2D geometry simulation (green) and 3D axis-
symmetric simulation (red) - Freundlich Adsorption Isotherm 
 
At first, the Freundlich equation obtained from the 2D geometry is 
validated to reproduce the effluent concentration for the 3D axis-symmetrical 
geometry. However, the result of the simulation for 2D geometry is 
unmatched with the simulation with the 3D geometry where the profile is far 
below the one attained from the laboratory experiment. The comparison is 
shown in , where the result from the 2D geometry equation is the green-
coloured line and lab experiment is the blue-coloured line. It is concluded 
that the equation obtained from the 2D geometry is no longer valid to use for 
the 3D axis symmetrical geometry. It is sensible since the adsorption surface 
areas for both geometry settings are different although the length and the 
diameter of both geometries remain the same. The adsorption surface area 
in the 2D geometry is the area of a double flat plane with a dimension of 1m 
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x 200 µm. On the other hand, the adsorption surface area in the 3D axis-
symmetric geometry follows the surface area of a cylindrical microchannel. 
This difference contributes a significant influence to the Freundlich 
parameters obtained.  
 
 
Figure 4.17: PPCA Effluent Concentration for the Injection and Early Post 
flush Stage: Experiment and Simulation (Freundlich) 
 
Hence, another set of sensitivity study is conducted to find new 
Freundlich parameters that satisfy the 3D axis-symmetrical geometry 
configuration. First, the effluent concentration for the injection and early post 
flush stage is compared. Different parameter combinations are used and the 
results are compared. It is discovered that the concentration profile for 
injection and early post-flush stage for the various parameter combinations 
are in one alignment. This discovery is shown in Figure 4.16. In this case, 
the advection provides a dominant influence to the adsorption and 
desorption process, reducing the sensitivity effect of the equations used in 
modelling the system. Second, the effluent concentration for the post flush 
stage from the simulation is compared with the results obtained from the lab 
experiment. Many profiles were generated which the detail is displayed in 
the Appendix. The equation selection is based on the magnitude of the R2. 
The highest R2  attained is for the parameter combination ݇ܽ݀ݏ ൌ 1.29x10-6 
m/s, ݊ܽ݀ݏ ൌ0.77, ݇݀݁ݏ ൌ 7.94x105 mol/ (m2.s), and ݊݀݁ݏ ൌ 50. The profile is 
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shown by the red colour in Figure 4.16 and blue colour in the Figure 4.17. 
Both profiles have a good agreement with the results obtained from the 
laboratory experiment 
4.6 The effect of velocity on the particle distribution in 
microchannel  
The effect of velocity on the particle distribution in microchannel is 
discussed in this section. Both correlations obtained for the 2D and the 3D 
axis-symmetrical geometries are utilised. In this case, the investigation is 
conducted for the injection-phase before the shut-in period process in the 
scale squeeze treatment. The effect of the advection and diffusion to the 
concentration distribution is considered in the study.   
For sensitivity study, the effect of six various injection velocities on 
the nanoparticle concentration distribution is investigated and compared. It is 
assumed that there is no slip between the nanoparticles and the carrier fluid. 
The nanoparticles are treated as a concentration field that travel together 
with the carrier fluid. This assumption is valid since the nanoparticle is 
relatively small compare to the magnitude of the microchannel system. The 
nanoparticles are assumed free particles which physical movement is 
governed only by physical properties, e.g. velocity, pressure, simulation 
time, and injection volume. 
The discussion is divided into two cases, which are for continuous 
and discontinuous nanoparticles concentration injection. The trend of the 
effluent and the adsorbed concentration for each case, for different time and 
injection volume are discussed, whose magnitude is taken from the average 
values along the corresponding boundaries. 
4.6.1 Continuous nanoparticle injection  
At the beginning the microchannel domain is unoccupied by the 
nanoparticles concentration. From the start of the simulation, 12000-ppm 
nanoparticle concentration is continuously injected from the inlet to the outlet 
of the microchannel under a steady creeping flow velocity. For the base 
case, average injection velocity (vo) for the injection is obtained from 
Equation 3.18. Using the input data from Zhang’s experiment [221], injection 
rate (Q) = 30 ml/hr, injection volume (݌ݒ) = 13,4 ml, and core length (ܮ௖௢௥௘) = 
13 cm, hence the average injection velocity (ݒ௢ሻ	obtained is 8.08x10-5 m/s. 
This velocity is used for the base case for all simulation in the study.  
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A1. Bulk Concentration profile at 0 s 
 
A2. Adsorbate Concentration profile at 0 s 
 
B1. Bulk Concentration profile at 0.2 s 
 
B2. Adsorbate Concentration profile at 0.2 s 
 
C1. Bulk Concentration profile at 0.5 s 
 
C2. Adsorbate Concentration profile at 0.5 s 
 
D1. Bulk Concentration profile at 1 s 
 
D2. Adsorbate Concentration profile at 1 s 
Figure 4.18: Bulk and adsorbate concentration for 0, 0.2, 0.5, and 1 second 
from 10 seconds simulation time length for a continuous injection with 
diffusion in various times for injection velocity v=2v0 and v0=8.08x10-5 
m/s (base case) 
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Although the property of the flow is taken from 13 cm core length, the 
simulation only considers 200-µm microchannel length as the domain for 
investigation. This number is taken arbitrarily as 10 times the magnitude of 
the microchannel diameter to gain adequate geometry for the simulation and 
to satisfy the computer resource available. 
Without slip, the velocity of the injected nanoparticle concentration is 
similar with the velocity of the carrier fluid. In the study, the dimension of 
each nanoparticle diameter is relatively small (dp = 80 nm) compare to the 
dimension of the microchannel diameter (dchannel= 20 µm). The diameter of 
the nanoparticles is also homogenous and no agglomeration happens. 
Therefore, the adsorption of the nanoparticle concentration that occurs on 
the microchannel wall is assumed not to alter the diameter of the 
microchannel, even for the case of a multilayer adsorption. Particles will 
always be able to be adsorbed, as long the concentration of the particles in 
the fluid bulk is higher than on the wall. Inversely, the desorption happens if 
the nanoparticles concentration in the bulk is lower than the adsorbate 
concentration on the microchannel wall. 
In this scenario, there is an unlimited supply of nanoparticle 
concentration from the inlet of the microchannel. This makes the particle 
concentration in the bulk to be always higher than the concentration on the 
microchannel wall. This condition allows the adsorption in the system 
happens all the time.  
Figure 4.18 (left) shows the profile of the bulk concentration and  
Figure 4.18 (right) shown the adsorbate concentration for the 
corresponding time, which are 0, 0.2, 0.5, and 1 second from 10 seconds 
simulation time. Injection velocity utilised is v=2v0, which v0 is 8.08x10-5 m/s 
(base case).   Initially, there is no concentration in the bulk and on the 
microchannel wall. This is shown in the Figure 4.18 (A1) and Figure 4.18 
(A2). At 0.2 seconds simulation time, the front of the concentration reaches 
one-fourth length of the microchannel. This is shown in the Figure 4.18 (B1) 
and Figure 4.18 (B2) where the adsorbate has built up until the 
corresponding length. Adsorption is observed further than the front of the 
concentration bulk due to the diffusion effect in the system. At 0.4 seconds, 
the front of the concentration bulk reaches the mid-length of the 
microchannel, shown in Figure 4.18 (C1). At this time step, the adsorbate 
concentration accumulation has advanced towards the outlet boundary, 
shown in Figure 4.18 (C2). At 1 second of simulation time, the front of the 
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concentration bulk propagates further, shown in Figure 4.18 (D1). The 
adsorbate reaches the region near the outlet boundary, which is show in 
Figure 4.18 (D2). 
 
4.6.1.1 Continuous injection without diffusion  
In this model, diffusion contributes a significant influence to the 
propagation of the nanoparticles concentration. To evaluate the hypothesis, 
the simulation for a continuous injection without diffusion is conducted. The 
profile of the average effluent concentration against the simulation time for 
different velocity profile is shown in Figure 4.19. The effluent concentration 
is measured at the outlet boundary where the breakthrough is indicated by 
the increase of the effluent concentration from zero magnitude.  
The corresponding breakthrough time for the concentration with 
velocity 0.1vo is not available since the concentration profile is still far to 
reach the outlet boundary during the time of investigation. As the velocity 
gets higher, the time needed for the fluid reach the boundary is decreased. 
This has a direct correlation with the assumption no slip velocity 
consideration in the modelling. The breakthrough time for injection velocity, 
v=0.5vo is 3.8 seconds, v=vo is 1.8 seconds, v=1.5vo is one seconds, and for 
v=2vo is 0.8 seconds; where vo is the base vase velocity 8.08x10-5 m/s. 
 
 
Figure 4.19: Average effluent concentration for various inlet velocity in 
continuous flow without diffusion against the simulation time interval, 
vo=8.08x10-5 m/s 
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Figure 4.20: Average effluent concentration for various inlet velocity in 
continuous flow without diffusion against the injected volume, 
vo=8.08x10-5 m/s 
 
The injection volume in the study is measured by the number of the 
pore-volume. The profile of the theoretical average effluent concentration 
against the injection volume for various continuous injection velocities 
without diffusion is shown in Figure 4.20. Without diffusion, each velocity 
case employs one pore volume to get the concentration breakthrough. This 
is shown in Figure 4.20 where all the effluent concentrations profiles are 
situated in one alignment. 
The profile of the average adsorbate concentration for various 
simulation time steps is shown in Figure 4.21. Since the surface area of the 
microchannel for all cases are similar, the adsorbate concentration 
corresponds linearly with the adsorbate mass. It is observed from Figure 
4.21 that the adsorption starts instantly from the beginning of the simulation. 
The rate of adsorption is indicated by the gradient of the profile, which 
magnitude is proportional with the injection velocity. It is also observed that 
there is a slight increase on the adsorbate concentration gradient as the 
simulation time increase, especially for the system with high velocity. An 
injection of a similar nanoparticles concentration with higher velocity causes 
higher particle flux that increases the effluent concentration at the outlet. 
Since there is no slip between the concentration and the carrier fluid 
assumed in the system, higher velocity brings higher amount of particles in a 
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given time. If there is more nanoparticles presence in the bulk, it will 
increase the chance of the nanoparticles to be adsorbed on the 
microchannel wall. Therefore, in a given injection time, higher injection 
velocity results in higher adsorption. Inversely, lower injection velocity results 
in lower adsorption. This observation is shown in Figure 4.21, which is 
displaying that the advection contributes a significant effect of the 
adsorption.  
 
 
Figure 4.21: Average adsorbate concentration for various inlet velocity in a 
continuous flow without diffusion against the simulation time interval, 
vo=8.08x10-5 m/s 
 
The comparison using the injection time is not really a fair comparison 
since the injected volume is not similar for each injection velocity. Since 
there is no slip assumed in the simulation, the injected volume propagation 
is governed by the injection velocity. The injection volume is measured in 
pore volume that follows the Equation 3.42. Low velocity needs higher time 
to inject a specific injection volume into the microchannel than with high 
velocity. The comparison of the adsorbate concentration for different 
injection volume is shown in Figure 4.22. It is observed that the magnitude 
of the adsorbed concentration varies inversely to the injection volume.  
The comparison of the cumulative adsorbate mass for continuous 
nanoparticle injection for all injection velocity for 8 pore-volume injection is 
shown in Figure 4.23. It is shown that under a similar injection volume, more 
adsorption happens for a lower injection velocity than at a higher velocity. 
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This happens because, in a system with lower velocity, nanoparticles have 
more exposure time to the adjacent adsorption wall than in an environment 
with higher velocity. This allows more adsorption for the unlimited 
nanoparticles injection from the inlet boundary of the microchannel.  
 
 
Figure 4.22: Average adsorbate concentration for various inlet velocity 
during an injection period in a continuous flow w/o diffusion against the 
injected volume, vo=8.08x10-5 m/s 
 
 
Figure 4.23: Cumulative adsorbate Mass for various inlet velocity during an 
injection period in a continuous flow w/o diffusion for 8 pore volume of 
injection, vo=8.08x10-5 m/s 
0,0E+00
1,0E‐06
2,0E‐06
3,0E‐06
4,0E‐06
5,0E‐06
6,0E‐06
7,0E‐06
8,0E‐06
9,0E‐06
0 2 4 6 8
Ad
so
rb
at
e C
on
ce
nt
ra
tio
n (
m
ol
/m
2 )
Injected Volume (pore volume)
Adsorbate Concentration For Continous Injection without 
Diffusion
cB, v=0.1vo
cB, v=0.5vo
cB, v=vo
cB, v=1.5vo
cB, v=2vo
0,0E+00
5,0E‐06
1,0E‐05
1,5E‐05
2,0E‐05
2,5E‐05
0,1vo 0,5vo vo 1,5vo 2voCu
m
m
ul
at
iv
e A
ds
or
ba
te
 M
as
s (m
g)
Velocity (m/s)
Cummulative Adsorbate Mass For Continuous Injection 
without Diffusion for 8 Pore Volume of Injection
Velocity decreases 
  116 
___________________________________________________________________________________________ 
4.6.1.2 Continuous injection with diffusion  
Simulation of nanoparticles injection is also conducted for a system 
with diffusion considered. Figure 4.24 shows the trend of the effluent 
concentration for various velocities with diffusion against the injected 
volume. The injection volume in pore volume indicates the amount of 
injected fluid that measured by the volume of the microchannel system. 
12500 ppm of nanoparticles is injected along with the fluid bulk continuously 
until eight times of the microchannel’s volume. Generally, the concentration 
of the particle increases until it reaches a plateau. This plateau indicates the 
equilibrium condition of the system, where the rate of the adsorption is 
comparable with the rate of the desorption. 
 
 
Figure 4.24: Average effluent concentration of various inlet velocities for 
continuous injection with diffusion in various pore volumes, vo=8.08x10-
5 m/s. Effluent concentration profiles for (cA, v=0.1vo) and (cA, 
v=0.5vo) are on top of each other  
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particles adsorbed, and more particles are brought out the outlet. The 
equilibrium concentration does not reach similar magnitude because of the 
multilayer adsorption consider in the Freundlich adsorption isotherm 
mechanism utilised in the simulation. This means that each injection velocity 
corresponds to a specific adsorption rate, which relationship is proportional 
to each other. It also appears that all the equilibrium of the average effluent 
concentration do not reach the inlet concentration. This means that rate of 
the fluid flow due to the advection and diffusion is still less significant than 
the rate of the adsorption. The equilibrium effluent concentration increases 
proportionally with the magnitude of velocity for a constant diffusivity. 
Figure 4.25 shows the magnitude of the equilibrium effluent 
concentration for continuous injection with diffusion. The magnitude is taken 
from the plateau level in Figure 4.24. The trend of all the five data points 
does not follow standard regression line that perfectly satisfies all data. 
However, data points for v= vo, v=1.5vo, and v=2vo follows a linear 
regression that satisfies y=4x10-7-2873,5 with R2=1. Hence, balancing 
argument that satisfies all cases is not available, except for the cases higher 
than certain injection velocity, e.g. above v=vo in this study. 
 
 
 
Figure 4.25: Equilibrium effluent concentration of various inlet velocities for 
continuous injection with diffusion in various pore volumes. Data points 
from left to right respectively are for injection velocity v=0,1vo, v=0,5vo, 
v=vo, v=1,5 vo, and v=2vo.  
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The trend of the adsorbate concentration against the injection volume 
for various injection velocities is shown in Figure 4.26. In the simulation, the 
calculation was conducted based on the injection time. The injection is then 
later converted to the injection volume by considering the injection velocity 
and time. Therefore, not all the profile is continuous until 8 pore volume in 
Figure 4.26.  
 
 
Figure 4.26: Average adsorbate concentration of various inlet velocities for 
continuous injection with diffusion against the injection volume, 
vo=8.08x10-5 m/s 
 
Figure 4.27: Average adsorbate concentration of various inlet velocities for 
continuous injection with diffusion against the injection volume 
(extrapolation), vo=8.08x10-5 m/s 
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Since the trend of the adsorbate concentration follows a linear 
relationship with the injection volume, the adsorbate concentration profile 
can be extrapolated. The result of the linear extrapolation for each of the 
adsorbate profiles for 8 pore volume is shown in Figure 4.27. It is 
discovered that the trend of the adsorbate concentration is proportional to 
the magnitude of the injection volume. However, the adsorbate 
concentration varies inversely to the magnitude of the injection velocity. This 
finding is in agreement with the previous finding in the discussion about the 
adsorption in the microchannel for the continuous injection without diffusion 
considered. 
Comparing the trend of the adsorbate concentration in Figure 4.27 
with the effluent concentration profile in Figure 4.24, it seems that there is 
still a positive adsorption happens in the system although the effluent 
equilibrium concentration appears to be achieved already. The magnitude of 
the adsorbate concentration increase, however, is insignificant compare to 
the magnitude of the effluent concentration profile.  
The cumulative adsorbate mass for the continuous nanoparticle 
concentration injection for 8 pore volume of injection is shown in Figure 
4.28. For a similar injection volume, the adsorption is negatively associated 
with the injection velocity with a not easily defined correlation. 
 
 
Figure 4.28: Cumulative adsorbate mass of various inlet velocities for 
continuous injection with diffusion for 8 pore volume of injection, 
vo=8.08x10-5 m/s 
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4.6.2 Discontinuous nanoparticle injection  
Discontinuous injection means the nanoparticles are injected for a 
finite period at the beginning of the simulation. In the simulation, the 
discontinuous nanoparticle injection is performed by setting a certain inlet 
concentration during time 0 second to time tmax/1000, where tmax is the 
maximum simulation time. tmax is selected when the effluent concentration 
profile reaches its equilibrium condition. The equilibrium concentration is 
obtained by investigating the value of ܿ௧	when ሺ௖೟ି௖೟శభሻ௖೟ ൏ 0.001%. In this 
case, ܿ௧ (ppm) is the average effluent concentration at time t.  
The amount of the nanoparticle injection is also normalised by the 
magnitude of the velocity to ensure similar concentration is injected to the 
microchannel regardless the magnitude of the injection velocity. After the 
period of concentration injection, the carrier fluid continues to flow in through 
the inlet at constant rate for the whole simulation duration. Following the 
previous study for the continuous injection, the velocity for the base case is 
selected vo = 8.08x10-5 m/s. The diffusion coefficient of the concentration in 
the fluid used in the study is 1.29x10-5 cm2/s, which is defined by the 
utilisation of the values in Table 4.1 into Equation 3.26. 
The typical profile of the bulk and the adsorbate concentration is shown 
in Figure 4.29. Figure 4.29  A1, B1, C1, and D1 are the bulk concentration 
propagation for 0 seconds, 0.2 seconds, 0.5 seconds, and 1 second from 10 
seconds simulation time. Injection velocity utilised is v=2v0, which v0 is 
8.08x10-5 m/s (base case).  Blue colour indicates the lowest concentration is 
located and the red colour indicates the highest injected concentration. The 
adsorbate concentration that shows on Figure 4.29  A2, B2, C2, and D2 
corresponds to the propagation of the bulk concentration on Figure 4.29  
A1, B1, C1, and D1 respectively. There is no adsorption at the initial 
condition shown in Figure 4.29  A1 and A2. At 0.2 seconds, the front of the 
main concentration body reaches the middle of the microchannel, which is 
shown by Figure 4.29 B1. The corresponding profile of the adsorbate 
concentration is shown on Figure 4.29  B2. It displays that the adsorption 
has been started and happens more at the location close to the inlet 
boundary, then decreases gradually towards the outlet. Figure 4.29  C1 
shows that at time 0.5 seconds the main concentration body has reached 
the outlet boundary. In this time, the adsorption on the microchannel wall 
has increased, which is shown by Figure 4.29 C2..  
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A1. Bulk Concentration at 0 second A2. Adsorbate Concentration at 0 second 
B1. Bulk Concentration at 0.2 seconds B2. Adsorbate Concentration at 0.2 seconds 
C1. Bulk Concentration at 0.5 seconds 
C2. Adsorbate Concentration at 0.5 seconds 
D1. Bulk Concentration at 1 seconds 
D2. Adsorbate Concentration at 1 seconds 
Figure 4.29: Bulk and adsorbate concentration for 0, 0.2, 0.5, and 1 
seconds simulation time length for a discontinuous injection in various 
times for injection velocity v=2vo and vo=8.08x10-5 m/s 
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On 1 second, the concentration main body is progressing to the outlet 
and the adsorption along the microchannel wall is now more even, shown by 
Figure 4.29 D1 and Figure 4.29 D2 respectively. In this case desorption is 
not observed since there is no reduction of adsorbate concentration on the 
microchannel wall during the simulation 
 
4.6.2.1 Discontinuous injection without diffusion  
This section discusses the adsorption of the discontinuously injected 
nanoparticle excluding the effect of diffusion. Figure 4.30 shows the trend of 
the effluent concentration for different injection velocity without diffusion 
against the simulation time. The effluent concentration is observed at the 
outlet boundary and it is observed that each reaches the outlet boundary at 
different time. This difference corresponds directly with the utilised injection 
velocity. Observing the profile of the effluent concentration, it typically 
increases at the beginning of the simulation until reaching a peak, and then 
it falls to zero with gradual gradient decrease. Without the diffusion, the 
concentration movement is governed by the advection. The speed and the 
observed effluent concentration magnitude are positively related with the 
injection velocity.  
 
 
Figure 4.30: Effluent concentration of various inlet velocities for 
discontinuous injection without diffusion in various time, vo=8.08x10-5 
m/s 
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Figure 4.31: Effluent concentration of various inlet velocities for 
discontinuous injection without diffusion against the injected volume, 
vo=8.08x10-5 m/s 
 
 
Figure 4.32: Adsorbate Concentration for various inlet velocities for 
discontinuous injection without diffusion against the injected time, 
vo=8.08x10-5 m/s 
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the outlet without the effect of diffusion, regardless of the time utilised in the 
injection. This shows that the profile observed on Figure 4.30 is valid.  
The adsorbate concentration for discontinuous injection for various 
injection velocities without diffusion is shown in Figure 4.32. It appears that 
the magnitude of the adsorbate concentration is proportional with the 
injection velocity. The equilibrium profile appear for the case v=2vo, v=1.5vo 
and v=vo, but not yet for v=0.5vo and v=0.1vo. The two latters require further 
observation with significantly longer simulation time to investigate the profile 
to reach the equilibriums. 
 
4.6.2.2 Discontinuous injection with diffusion  
The final investigation in this chapter is for the discontinuous 
concentration injection with considering the effect of diffusion. The profile of 
the effluent concentration for various inlet velocities against simulation time 
for discontinuous concentration injection with diffusion is shown in Figure 
4.33. In the figure, it is observed that the velocity has a positive relationship 
with the breakthrough time for the concentration reaching the outlet. The 
maximum concentration observed at the outlet is also proportional with the 
injection velocity, with anomaly for the lowest velocity. In the case of the 
lowest injection velocity, i.e. v=0.1vo, the concentration movement is 
dominated by the effect from diffusion. The diffusion allows the 
concentration spread and remains at its position longer and this is the one 
detected at the outlet boundary. However, the case with diffusion domination 
has lower penetration than the case with advection domination, especially 
for longer microchannel. The concentration transport in the latter case with 
advection domination happens more towards downstream. On the other 
hand, the dispersion of the concentration due to diffusion goes in any 
direction regardless of the stream direction. 
The effluent concentration for various velocities with diffusion against 
the injected volume is also investigated that is illustrated in Figure 4.34. In 
the discontinuous injection, the magnitude of the injected volume is 
independent to simulation time. In this figure, the effect of the injection 
velocity and diffusion is easier to observe. In this case, the effluent 
concentration breakthrough is detected before the injection reach 1 pore 
volume. This shows that diffusion contributes significant influence to the 
concentration transport in the system. All cases with advection domination, 
i.e. v=vo, v=1.5vo, and v=2vo, require similar injection volume to reach the 
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breakthrough at the outlet boundary. The required injection volume for the 
breakthrough decreases proportional with the velocity decrease, which 
indicates the increase of the diffusion domination. High effluent 
concentration is again detected for diffusion dominated case, i.e. v=0,1vo 
relative to the case with v=0.5vo. This happens because the concentration is 
dispersed by the diffusion in the system and some part of it remains for long 
at the outlet due to low injection velocity. 
 
 
Figure 4.33: Effluent concentration of various inlet velocities for 
discontinuous injection with diffusion against the simulation time, 
vo=8.08x10-5 m/s 
 
The trend of the effluent concentration increases and shifts to the 
right as the injection velocity increases. This indicates that the injection 
velocity affects the amount and the time needed for breakthrough. More and 
faster particles are transported further into the microchannel as the velocity 
increases and vice versa. 
The decrease of the effluent concentration in Figure 4.33 and Figure 
4.34 corresponds with the flushed particles out from the microchannel 
domain. The gradient decrease of the profile is also affected by desorption 
happens at the microchannel wall. Steep gradient decrease also indicates 
fast desorption. High injection velocity flushes the bulk concentration from 
the system faster than the case with lower injection velocity. Desorption is 
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enhanced as the wall and bulk concentration contrast becomes larger due to 
this flushing effect. Therefore, desorption happens faster in a system with 
higher injection velocity. 
 
 
Figure 4.34: Effluent concentration of various inlet velocities for 
discontinuous injection with diffusion against the injected volume, 
vo=8.08x10-5 m/s 
 
The trend of the adsorbate concentration for different time is shown in 
Figure 4.35. Each line shows that the concentration of the adsorbate along 
the microchannel increases until it reaches a plateau. The plateau shows the 
system has reached an equilibrium condition, which is where the adsorption 
rate equals the desorption rate. This equilibrium is achieved because there 
is no more nanoparticles supply from the inlet due to the concentration 
discontinuous injection. The figure shows that there is more adsorption 
happens for low injection velocity. The profile has a very slight negative 
gradient because of the slow desorption due to the concentration difference 
between the microchannel wall and the fluid bulk. The adsorption speed is 
indicated by the gradient increase of the profile. It seems that the adsorption 
speed varies inversely to the injection velocity. This happens because the 
concentration remains longer in a location in a low velocity environment and 
this enhance the possibility of the adsorption to happen due to diffusion. 
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Figure 4.35: Average adsorbate concentration of various inlet velocities for 
discontinuous injection in various time, vo=8.08x10-5 m/s. Lines for cB, 
v=1,5vo and cB, v=2vo are on the top of each other. 
 
 
Figure 4.36: Maximum value of the average adsorbate concentration for 
various inlet velocities for discontinuous injection. 
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injection with diffusion against the injection velocity follows Power 
Regression Model. 
 
 
Figure 4.37:  Adsorbed concentration of various inlet velocities for 
discontinuous injection in various pore volume, vo=8.08x10-5 m/s. Lines 
for cB, v=1,5vo and cB, v=2vo are on the top of each other. 
 
 
Figure 4.38:  Cumulative adsorbed mass for various inlet velocities for 
discontinuous injection for 8 pore volume of injection, vo=8.08x10-5 m/s 
 
Figure 4.37 shows the trend of the cumulative adsorbate 
concentration for different injection volume. Generally, the adsorbed 
0,00E+00
5,00E‐08
1,00E‐07
1,50E‐07
2,00E‐07
2,50E‐07
3,00E‐07
3,50E‐07
0 2 4 6 8A
ds
or
ba
te
 Co
nc
en
tr
at
io
n (
m
ol
/m
2 )
Injected Volume (pore volume)
Adsorbate Concentration For Discontinuous Injection with Diffusion
cB, v=0.1vo
cB, v=0.5vo
cB, v=vo
cB, v=1.5vo
cB, v=2vo
0,0E+00
2,0E‐07
4,0E‐07
6,0E‐07
8,0E‐07
1,0E‐06
1,2E‐06
1,4E‐06
1,6E‐06
8,08E‐06 4,04E‐05 8,08E‐05 1,21E‐04 1,62E‐04Cu
m
m
ul
at
iv
e A
ds
or
ba
te
 M
as
s (m
g)
Velocity (m/s)
Cumulative Asorbate Mass For Disontinuous Injection 
without Diffusion for 8 Pore Volume of Injection
Velocity 
decreases 
  129 
___________________________________________________________________________________________ 
concentration is increased and flattened until a certain point as the injection 
volume increases. This figure also shows that the adsorption happens 
instantly from the beginning of the simulation. The amount of the maximum 
adsorbate concentration varies inversely to the velocity. This is consistent 
with the investigation result from the previous section. The comparison of 
the cumulative adsorbate mass for different injection velocity with diffusion 
considered is shown in Figure 4.38 where the result is in a good agreement 
with the previous observation discussed. 
 
4.7 Summary and Conclusion 
Nanoparticle technology is a new approach to extend lifetime of scale 
inhibitor attachment on the rock surface [35]. It is important to understand 
the distribution and placement of the injected nanoparticles in porous media. 
Many studies have been conducted to investigate the behaviour of 
nanoparticles in porous media [54, 171]; however the studies were mostly 
conducted for a macroscopic flow  in a core-scale sample and there is none 
yet establish a simulation that focus specifically on the adsorption and 
desorption mechanism inside the pore-channel itself. 
A conceptual numerical model for simulating the transport of 
nanoparticles in a single straight microchannel has been developed. In the 
study, nanoparticles are modelled as a concentration field with no specific 
chemistries involved. Therefore, any chemical injection is potentially usable 
as a means for validation; however, the rate constant obtained will not be 
universal. In the study, PPCA is used as an analogue for nanoparticles. 
Validation is conducted by comparing the effluent concentration that 
obtained from a core flood experiment conducted by Zhang et al [221].  
The model is available for 2D and 3D axis-symmetric microchannel. 
Freundlich adsorption isotherm method appears to be more suitable as 
adsorption/desorption basic expressions for the modelling than Langmuir 
adsorption isotherm method. This follows Zhang’s recommendation [221] to 
use Freundlich adsorption isotherm mechanism. However, the original 
Freundlich adsorption isotherm equation cannot clearly show the term of 
adsorption and desorption. Therefore, modified Freundlich equation 
conducted by Skopp [170] is used for the study. Skopp derived Freundlich 
adsorption isotherm equation by introducing term of adsorption and 
desorption separately, allowing to study adsorption and desorption process 
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more easily. The Freundlich equation follows the equation below and the 
corresponding parameters for both geometries are shown in Table 4.3.  
 
 ݎ ൌ ݇௔ௗ௦. ஺ܿ௡ೌ೏ೞ െ ݇ௗ௘௦. ܿ஻௡೏೐ೞ 
 
ݓ݄݁ݎ݁ ݇௔ௗ௦ ൌ ݇௙ ܽ݊݀ ݇ௗ௘௦ ൌ ݇௥ 
 
Geometry 
݇௔ௗ௦  
[m/s] 
݊௔ௗ௦
݇ௗ௘௦  
[mol/(m2.s)]
݊ௗ௘௦ ܴଶ 
2D 1.58x10-5 0.45 3.16x104 10 0.99
3D axis symmetric 1.29x10-6 0.77 7.94x105 50 0.99
 
Table 4.3: The parameters used for the Freundlich equation for the 2D and 
3D axis-symmetric geometry 
 
The Freundlich parameters obtained for these two geometry models 
are different because these two have different geometry assumptions that 
relates directly to the microchannel’s adsorption surface area. The 2D model 
takes into account a concentration flow and adsorption/desorption 
mechanism in a micro-gap between two planes. This model is dedicated to 
investigate the effect of microchannel geometry with elongation variation. 
The 3D axis symmetric geometry takes into account configuration for 
cylindrical microchannel. This model is dedicated to investigate the effect of 
variation in wall configuration to the system. The Freundlich parameters 
obtained in this chapter, which are shown in Table 4.3, are only valid for the 
specific case, condition, and assumptions utilised in this thesis. Regression 
selection method is important to obtain the parameters. 
In this chapter, the effect of fluid flow velocity is also investigated as a 
key preliminary study for understanding the transport and 
adsorption/desorption mechanism in a microchannel for continuous and 
discontinuous nanoparticle injection. The effect of diffusion and advection is 
discussed separately. Advection has a negative relation with the desorption 
rate, taken from the investigation of the post flush flow.  Adsorption tends to 
happens more effectively in a low velocity environment.  
Diffusion contributes highly to the effectiveness of the adsorption 
mechanism in the microchannel. Therefore, the shut in period in the scale 
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squeeze treatment is indeed important to allow placing the inhibitor on the 
wall of the rock efficiently. However, diffusion has lower penetration 
especially for longer microchannel.  
The trend of the equilibrium effluent concentration for continuous 
injection with diffusion does not clearly follow any regression model when 
the low injection velocity is considered. However, the profile follows a linear 
regression model after the injection velocity above a certain level. It also 
found out that the maximum value of the adsorbate concentration for 
discontinuous injection with diffusion against the injection velocity follows 
Power Regression Model.  
 Chapter 5  
Adsorption and Desorption in a Tortuous Microchannel 
5.1 Introduction 
This chapter builds on the model described in Chapter 4 and explores 
the effect of the channel geometry on adsorption.  
The transport of molecule particles in a pore structure is determined 
by structural parameters, fluid properties, and interaction between fluids and 
interfaces. The generally considered structural parameters are surface area, 
pore size distribution, and pore topology. The latter may be quantified by a 
parameter such as tortuosity [235, 236].  
 
 
Figure 5.1: Determination of tortuosity through a porous material using the 
arc-chord ratio (after O'Connell et al., 2010)[237] 
 
Tortuosity can be defined as an average elongation of fluid paths or 
as a retardation factor that measures the resistance of a porous medium to 
the flow. It reflects the efficiency of the transportation of a substance inside 
the respective material. In other words, tortuosity represents the degree of 
complexity of the channel configuration [238]. It can be defined as the ratio 
of specific surface of real porous media to an idealises capillary bundle 
[239]. It also can be described by a linear function of capillary diameter [240] 
or as function of porposity and characterized shape of the porous medium 
component [241]. In fluid mechanic of porous media, tortuosity is defined as 
the ratio between the length of the actual streamline and the straight-line 
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distance between two points [242]. This definition, which is illustrated in 
shown in Figure 5.1 [237], is also commonly used in the oil and gas 
industry, especially in for rock formation evaluation, geology, drilling and 
reservoir characterisation. This definition is the one utilised in this chapter, 
where longitudinal geometrical variation of the microchannel domain is 
investigated. As it is illustrated in Figure 5.1, tortuosity is illustrated as a 
sinous path in a porous media. The tortuosity of a path through a porous 
structure A is determined by the ratio of the pore length L and the 
displacement X. Picture B and C in Figure 5.1 show that an equal pore 
length L may have diffferent tortuosity since the displacement X and X’ are 
different [237]. In this study, the 2D model built that was discussed in 
Chapter 4 is used for the investigation. 
It is suggested that tortuosity should also consider an indication of 
more complex geometry parameter, such as the pore connectivity and the 
contrictivity of the pores [238]. However, the definition of the tortuosity 
selected in this chapter cannot be used to measure the complexity in a pore 
network, instead only the curvature complexity of microchannel. To measure 
the complexity of a pore network by tortuosity, it is defined by comparison of 
the specific conductivity of the electrolyte in the pore or derived from 
diffusion [243, 244] using Maxwell’s equation [245]. Thus, an explicit relation 
as a function of total porosity, intraparticle tortuosity and intraparticle 
porosity was proposed to fit the experiment data for the whole porosity 
range. Matyka and Koza [246] discussed a possible method of numerical 
and experimental measurement of the tortuosity directly from the fluid 
velocity field. Tortuosity magnitude also can be approached by assessing 
diffusion and electrical measurement [247]. Transport properties in tortuous 
porous material has been researched for many areas, including study for 
fracture surface [248], lungs [249], metal foams[250], and aerogel [251, 
252]. These studies discovered that geometrical structure of the pore has a 
significant influence to the flow easiness of the pore system. However, the 
investigation of porous media and the transport phenomena within has 
generally been limited to macroscopic measurement, which tells one little 
about the microscopic structure of these materials [252]. This chapter is a 
revisit to investigate the latter where microchannel with elongation variation 
(curvature) is considered as a contribution for study of transport in porous 
media. 
 
  134 
___________________________________________________________________________________________ 
 
5.2 Aims and Objectives 
The aim of the study in Chapter 5 is to investigate the effect of different 
channel geometry on the transportation and the adsorption of the 
nanoparticle in microchannel system. Numbers of bends and configurations 
in the channel are introduced, where channel with elongation variation 
(curvature) is represented tortuosity i.e. the ratio between the actual length 
and the distance between the inlet and outlet of the channel. The model 
extends that is described in Chapter 4. The concentration trend of the 
effluent and adsorbed nanoparticles is discussed which this ultimately allows 
a link to be made between the small-scale fluid behaviour and a 
macroscopic description of the rock such as tortuosity. 
5.3 Simulation Setup 
The simulation is addressed to study the transportation of 
nanoparticles in a tortuous 2D microchannel model. Nanoparticles are 
treated as concentration field that is transported with steady fluid flow 
without slip. The adsorption and desorption mechanism is governed by the 
Freundlich adsorption isotherm approach. A numerical simulation is used to 
solve sets of equations that consider the fluid and concentration flow in a 
microchannel and adsorption/desorption mechanism of the concentration 
with the microchannel wall. The details for the methodology and the detail 
validation are discussed in the Chapter 3 and 4 respectively. 
Two investigations are conducted to investigate the nanoparticles’ 
behaviour in the microchannel. The first investigation is to study the particle 
behaviour in the microchannel with identical channel length measured along 
the flow path. The adsorption surfaces for this study are shown by the blue-
coloured boundaries at the microchannel in the geometry pictures under 
column “Active adsorption wall” in  Table 5.1. The movement of the particles 
in the bulk was investigated by plotting the trend of the particles that 
transported through an imaginary ‘outlet’ at somewhere in the middle of the 
microchannel such that 200µm channel length from the inlet is measured. 
The second investigation is to study the particles behaviour in the channel 
with identical 200-µm inlet-outlet of distance where various microchannel 
actual length and surface area are considered. It is important to conduct 
these two investigations separately since the way to acquire the tortuosity 
for both are different.  
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Geometry, L = 200 µm Inlet-Outlet Distance from the inlet boundary (D,µm)  
Active adsorption wall  
(blue lines) 
Concentration flow that reach 
200 um channel length x y z 
Tortuosity 
 (L/D) 
  
200 0 200 1 
  
133.3 25.9 135.8 1.473 
  
114.8 5.85 114.9 1.740 
  
100 -16.35 101.33 1.974 
  
85.71 -34.67 92.46 2.163 
  
85.71 34.38 92.35 2.166 
  
57.92 -46.67 74.38 2.689 
Table 5.1 : Simulation setup for the study of the effect of tortuosity to the 
particle distribution in microchannel 
 
The fluid and concentration flow, adsorption and desorption 
parameters are the same as in Chapter 4. The simulation is conducted by 
injecting 12500 ppm of nanoparticle concentration into the microchannel. 
The investigation is performed for both continuous and discontinuously 
injection. Injection velocity for the base case is 8.08x10-5 m/s. Velocity 
sensitivity study is carried out for the base velocity, half and twice of the 
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base velocity. The trends of the adsorbed particles on the system on similar 
time length obtained from the breakthrough were also plotted for each study. 
 There are seven microchannels configurations with different 
tortuosity introduced in the study. The detail of the channel configurations is 
shown in Table 5.1, where the shapes are design accordingly with adding 
bends and curvature arbitrary with fixed inlet and outlet position. The first 
column in the Table 5.1 displays the geometries used in the study. The 
distance in x-direction between the inlet and outlet boundaries of each 
microchannel is 200 µm. The blue coloured wall at the channel boundary 
indicates the 200-µm channel length measured from the inlet of the 
microchannel. The second column shows the front of the particles 
concentration reach the breakthrough at 200-µm channel length at 0.2 
seconds for both continuous and discontinuous injection. The concentration 
front is retarded near the walls due to no slip condition applied between the 
wall and the flowing fluids. It seems that the tortuosity affects to the 
propagation of the injection concentration in the microchannel. This will be 
discussed further in the next subchapters. The next column displays the 
distance in x and y direction of the outlet from the inlet of each geometry. z 
is the distance from the inlet to the outlet that is calculated using Pythagoras 
theorem from the value of the x and y. The last column shows the measured 
tortuosity of the associated geometry. The particles behaviour for both 
continuous and discontinuous particles injection is discussed in detail in the 
next subchapters. Note that the simulation considers the effect of diffusion, 
where the study of the effect of the diffusion is discussed in Chapter 4. 
5.4 Adsorption in Identical Length Tortuous Microchannel  
The transport, adsorption, and desorption of the nanoparticles in the 
identical length tortuous microchannel are discussed in this section. The 
effluent and the adsorbed particles concentration along the microchannel 
wall are investigated. The study is divided into the condition of continuous 
(Section 5.4.1) and discontinuous injection (Section 5.4.2). The investigation 
is conducted and the concentration profile is plotted against the injection 
volume. The concentration in the simulation is calculated by averaging the 
magnitude along the corresponding boundaries in times.  The injection 
volume is measured by the equivalent volume of the microchannel, which 
also known by unit “pore volume”. The injection volume in pore volume unit 
is a function of injection velocity and simulation duration that is calculated 
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using the Equation 3.42. Plotting the concentration against the injection 
volume has advantage in order to gain a better view the relation of the 
concentration and the amount of the injected fluid. The injection volume is 
proportional to the simulation time as long as the injection flow rate, area, 
and the length of the microchannel remains constant. The detail for the 
injection volume is discussed in Chapter 3. Effluent and adsorbate 
concentration are investigated which values are obtained from the average 
along the corresponding boundaries in time. 
5.4.1 Continuous Injection in Identical Length Tortuous 
Microchannels  
Initially the there is no nanoparticle concentration in the microchannel 
domain. Then, a constant 12500 ppm of nanoparticles concentration is 
continuously injected with a steady 8.08x10-5 m/s velocity from the inlet of 
the microchannels. In this case, the outlet for all microchannels is measured 
at a location of 200-µm lengths from the inlet. Therefore, the adsorption 
surface of each microchannel is comparable. After a short time, the front of 
the bulk concentration reaches the outlet. Some of the particles along the 
flow path are adsorbed on and desorbed from the wall of the channel due to 
difference in concentration between the surface and bulk. The adsorption 
and desorption mechanism follows Freundlich adsorption isotherm 
mechanism which is governed by the difference in between the fluid bulk 
and the adsorption surface.  
Figure 5.2 shows the profile of the effluent concentration against the 
injection volume. The profile is obtained from the average nanoparticle 
concentration measured at the outlet boundary of the microchannel during 
the simulation. The effluent profile increases rapidly at 0.32 pore volume, 
which equals to 0.8-second simulation time. A minor kink that is seen at the 
beginning of the breakthrough generated due to the smoothing mechanism 
in connecting the data obtained from the simulation. 
In Figure 5.2, it appears that the effect of the diffusion remains for 
about 0.4 pore volume after the breakthrough discovered, which is shown by 
a flat effluent concentration profile between 0 and 0.4 pore volume. Then, 
after 0.75 pore volume, the gradient of the effluent concentration becomes 
precipitous. This is showing that the advection provides dominant effect to 
the effluent propagation in this period. After the main concentration body 
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reaches the outlet boundary, the effluent profile flattened steadily due to the 
continuous and unlimited supply of nanoparticle injection from the inlet.  
As expected, in each case, the effluent concentration eventually 
reaches the inlet concentration, which is when the microchannel is saturated 
and the adsorption and desorption are in equilibrium. It is also discovered 
that the profile of the average effluent concentration slightly shifts to the right 
as the tortuosity increases. Since injected volume in this case is proportional 
with the injection duration, it means that the amount of the time and injected 
particles needed by the system to reach the equilibrium condition is 
proportional to the magnitude of the tortuosity.  
 
 
Figure 5.2: Bulk concentration vs. pore volume at the 200-µm outlet 
boundaries for different tortuosity for continuous particles injection 
 
Figure 5.3 shows the profile of the average adsorbed concentration as 
a function of injected volume. This profile is measured by averaging the 
adsorbate concentration over walls of the whole microchannel. Initially, there 
is no adsorbate on the microchannel walls. The adsorbate concentration 
profile starts from a zero value at the beginning of the simulation and then 
increases until it reaches a constant value. The gradient of the adsorbate 
concentration profile in Figure 5.3 indicates the rate of the 
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adsorption/desorption in the system. The rate of the adsorption for each 
tortuosity has a small difference. The gradient of the profile reaches a 
constant value at a similar injection volume as the one observed in the 
investigation of the effluent concentration. In this condition, the amount of 
the adsorbate on the wall is constant during the continuous injection. This is 
the equilibrium condition where the rate of adsorption equals the rate of 
desorption. The average adsorbate concentration has an affinity to inversely 
varies to the magnitude of the tortuosity. This is observed easier at the inset 
in the Figure 5.3, which shows the adsorbate concentration between 
injection volume 1 and 1.6 pore volume in a smaller scale. It indicates that a 
uniform adsorption tends to happen more efficiently on the wall of the less 
tortuous microchannel than on the wall of the microchannel with higher 
complexity. This is discussed shortly afterwards in the section of the 
discontinued injection in microchannels with identical length.  
 
 
Figure 5.3: Adsorbed concentration against the injection volume for 
continuous concentration injection – Freundlich adsorption isotherm. 
The inset is the profile of the adsorbate concentration at the corner of 
the concentration profile change. 
 
Although all microchannels in this study have a similar surface area, 
the access for interaction between the concentration and the microchannel 
wall is not similar. The access for interaction between the concentration and 
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the wall is higher in the microchannel system with low tortuosity. As an 
example, a snapshot for concentration propagation from two microchannels 
with different tortuosity magnitude is presented in Figure 5.4. Figure 5.4 
(left) shows a snapshot of a concentration flow in a straight channel. Figure 
5.4 (right) shows a snapshot of a concentration flow in a microchannel with 
two bends. In the figure, dashed-lines show the location of similar length 
measured from the inlet of the microchannel. Both snapshots are taken 
when the simulations are conducted for 0.8 seconds.  
 
 
 
 
 
Figure 5.4: The concentration propagation of 2 different channel 
configuration i.e. with tortuosity=1 (left) and tortuosity=1.4724 (right) at 
0.8 seconds. Recalled, the tortuosity is measured for similar 
microchannel length of 200 µm. 
 
In the figure of the straight microchannel (Figure 5.4 (left)), the 
surfaces of the walls are swept evenly with the concentration. In the curved 
microchannel (Figure 5.4 (right)), however, there are some parts in the area 
close to the bends where concentration is lower than the other parts of the 
channel wall. This indicates the interaction access between the 
concentration and the wall is not similar along the wall in microchannels with 
bends. This affects the effectiveness of the adsorption in the system. Bends 
in the channel therefore reduce the sweep efficiency of the bulk 
concentration along the channel wall at the bend. The condition reduces the 
impact of the particles and the channel wall, decreases the amount of 
particles adsorbed. Hence, the adsorption in a high tortuous microchannel is 
less uniform than the adsorption in a microchannel system with lower 
tortuosity. A further investigation about this finding is discussed in the 
section of adsorption in the microchannels with the dead ends in Chapter 6. 
200 µm 
200 µm 
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5.4.2 Discontinuous Injection in Identical Length Tortuous 
Microchannel 
In this section, the investigation of the transportation and the 
adsorption/desorption of the discontinuous injected concentration is 
discussed. The configuration of the simulation for this case is similar with the 
study for the continuous particles injection. A 20 µm diameter and 200 µm 
length microchannel is the domain of the simulation. Initially, the 
microchannel is empty and with no nanoparticle concentration adsorbed on 
the walls. 12500 ppm of nanoparticles concentration is injected 
discontinuously for 5 pore volume of the microchannel from the inlet 
boundary with an 8.08x10-5 m/s steady creeping velocity. After the period of 
concentration injection, the carrier fluid continues to flow in through the inlet 
at constant rate for the whole simulation duration.  
There are seven different tortuous microchannels with equal length 
being investigated in the study. The adsorption and desorption mechanism 
follows Freundlich adsorption isotherm mechanism which is governed by the 
concentration difference between the fluid bulk and the adsorption surface. 
The trend of the effluent and the adsorbate concentration is investigated. 
For visualization, concentration flow sequence for the tortuosity in 
microchannel with geometry E for 0, 0.3, 0.6, and 0.9 seconds is shown in 
Table 5.2. Please note that the investigation is conducted for a 200-µm 
microchannel length, which is marked by the straight line in the 
microchannel. The left column shows the concentration profile inside the 
microchannel for a specified simulation time step. The right column shows 
the adsorbate concentration for the corresponding time. At 0.05 seconds, 
some of the particles have started to flow into the microchannel. Due to the 
diffusion, some of the injected concentration has been transported further 
and desorbed. This is indicated by the corresponding adsorbate 
concentration profile that is shown in Figure (B2) in the Table 5.2. The 
adsorbate starts at 20x10-8 mol/m2 and increases until 24x10-8 mol/m2 at 40 
µm. This is where the first bend is located.  
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(A1) Concentration profile at 0.05 seconds 
 
(A2) Adsorbate concentration profile at 0.05 seconds 
 
(B1) Concentration profile at 0.3 seconds 
 
(B2) Adsorbate concentration profile at 0.3 seconds 
 
(C1) Concentration profile at 0.6 seconds 
 
(C2) Adsorbate concentration profile at 0.6 seconds 
Table 5.2 : Flow sequence of the concentration flow and the corresponding 
adsorbate concentration profile for geometry E for a discontinuous 
injection. Units for the x-axis is in µm 
 
The magnitude of the adsorbate at the wall after the first junction also 
is observed in Table 5.2. Between 50-90 µm lengths, the adsorbate is 
flattened. This is where the wall between the 2nd and 3rd bend is stationed. 
After 90 µm the adsorbate decreases, and between 110 and 155 µm the 
profile is flattened. On time 0.3 seconds in Figure (B1), the concentration 
bulk is located between the second and the eighth bends. The degradation 
of concentration shown in (B1) happens due to the effect of diffusion. From 
(B2), more adsorption is observed with typical profile follows (A2). At 
Injection
Injection
Injection
200µm 
200µm 
200µm 
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simulation time 0.6, the concentration has been transported further and 
diffused inside the microchannel. The amount of the adsorbate is also 
increased and the shape of the profile is affected by the configuration of the 
geometry of the microchannel. It seems that the adsorption at the bends 
after the first one always decreases, and then flattened after the 
corresponding bend. It means that there is less adsorption at the bends than 
at the wall after the bend, where this particular wall is perpendicular to the 
direction of the concentration flow. 
 
 
Figure 5.5: Effluent concentration vs. injection volume at the 200-µm outlet 
boundary for discontinuous injection for different tortuosity 
 
The profile of the effluent concentration against the injection volume is 
shown in Figure 5.5. This profile is obtained from the average effluent 
concentration measured at the outlet boundary of the microchannel during 
the simulation. The profile of the effluent concentration in the discontinuous 
injection is different from the effluent concentration for the continuous 
concentration injection. The increase of the effluent profile in Figure 5.5 
indicates the breakthrough that occurs at the outlet. It is important to restate 
that the length all tortuosity channel is identical, i.e. 200 µm. It is observed 
that the profile increase for all tortuosity cases happens at the same injection 
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volume. Since the injection volume is proportional with the injection time, 
and since the investigation is conducted under a similar injection velocity 
and microchannel length, it means that the breakthrough of all cases happen 
roughly in the same time. 
Typically, the average effluent concentration increases rapidly until 
attaining a maximum value and then decreases until reaching an asymptotic 
profile to a zero value. The effluent concentration increase shows a build-up 
concentration at the outlet as the front of the main concentration passes the 
corresponding boundary. The gradient of the effluent concentration varies 
inversely to the magnitude of the tortuosity.  It means that less injection 
volume is required to transport similar amount of nanoparticle to the same 
distance in a microchannel with less tortuosity then in the higher one. This is 
also in agreement with the magnitude of the maximum value of the effluent 
concentration in Figure 5.5. Briefly, this means that the injected particles 
move easier the microchannel with simple configuration than in the 
microchannel with higher degree of complexity.  
The effluent concentration measured at the outlet is the concentration 
of the injected nanoparticles that is transported without sustaining any 
adsorption. Some of the injected nanoparticle is adsorbed on the 
microchannel wall due to the concentration difference between the bulk and 
the microchannel wall. Meanwhile, the rest of the injected nanoparticles that 
remains in the main bulk pass through the outlet. After the main bulk passes 
through the system, the concentration inside the channel is less than the 
concentration on the microchannel wall. This is when the desorption mainly 
happens. Since the nanoparticles are treated as a dilute species, only those 
adsorbed to the wall will be left behind. The concentration difference 
between the fluid bulk and the microchannel wall is wider as more 
concentration flushed out from the system. This difference initiates and 
enhance the desorption mechanism, transporting the previously adsorbed 
nanoparticles back to the fluid in the microchannel. The tail observed in the 
effluent concentration reach the maximum value indicate the desorption. 
The magnitude of the gradient decrease and the length of the 
concentration tail is not the same for all case of tortuosity. Steeper gradient 
decrease is observed in Figure 5.5 for the microchannel with low tortuosity. 
Steep gradient downwards after the maximum concentration value indicates 
that the concentration difference between the wall and the fluid bulk 
decrease rapidly. This concentration difference enhances the desorption 
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mechanism. The concentration profile gradually decreases after roughly 1 
pore volume, and then follows an asymptotic line in the end of the profile, 
indicating the process of desorption happens in the system. 
 
 
Figure 5.6: Adsorbed concentration of the nanoparticles vs. injection volume 
at the 200 µm outlet boundary for discontinuous concentration injection 
 
Figure 5.6 shows the trend of the average adsorbate concentration on 
the microchannel for a discontinuous injection concentration against different 
injection volume. In this case, the concentration is measured on a similar 
adsorption surface area for all tortuous microchannels. It is observed that 
the adsorbate concentration starts instantaneously at the beginning of the 
simulation. During the simulation, the adsorbate concentration increase until 
reaching a profile with a zero or a very small gradient, indicating no or very 
little desorption. Some particles (adsorbate) remains on the walls even after 
inlet concentration reduced to zero. The magnitude of the adsorbate 
concentration in the case of discontinuous injection is much smaller than the 
system with continuous nanoparticles injection. This happens because the 
latter has unlimited nanoparticles supply from the inlet boundary during the 
simulation. 
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A short and curvy profile is observed just before the profile is flattened. 
In the duration, some of the particles are adsorbed on the microchannel wall 
at the beginning. As the injection continuous, some of the injected particles 
are desorbed back into the channel. This feature happens because at the 
beginning the effect of diffusion transports some of the nanoparticle 
concentration upfront the main bulk towards the outlet boundary. Some of 
these nanoparticles are adsorbed on the microchannel wall. The main 
nanoparticles concentration follows and more adsorption happens due to the 
effect from the advection. However, the system tries to reach its equilibrium 
condition. Hence, some of the adsorbed nanoparticles are desorbed back 
into the channel to balance the concentration between the wall and the 
internal of the microchannel.  
The average adsorbate concentration appears to vary inversely to the 
magnitude of the tortuosity. This is shown in Figure 5.6 that high adsorbate 
concentration is found in the microchannel with simpler configuration than 
the more complex one. This happens because the interaction access 
between the injected nanoparticle concentration and the wall is more 
efficient in the microchannels without bends. This finding has a good 
agreement with the one discovered previously in the system with continuous 
nanoparticle concentration injection. The detail explanation refers back to 
Section 5.4.1.  
Velocity magnitude and a typical streamlines at a corner of a 
microchannel bend is shown in Figure 5.7. The surface represents the 
velocity field in the system and the dark lines represent the streamlines of 
the injected concentration. The streamlines at the bend are not visible where 
the magnitude is very low compare to the ones in the centre of the 
microchannel. There are likely eddy currents [253] happens in the bend that 
reduces contact between the concentration and the microchannel wall. This 
is discussed further in Chapter 6 for the concentration distribution in 
microchannels with dead end.  
Injection volume is proportional to the duration of the injection. 
Therefore, the gradient of the adsorbate concentration also shows the rate 
of the adsorption on the microchannel wall. It appears that the system in a 
microchannel with high tortuosity needs longer time to reach the equilibrium 
condition compare to the system with simpler microchannel configuration. 
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Figure 5.7 Velocity field magnitude and a typical streamlines at a 
corner in a microchannel bend. Taken one of the bends at microchannel C 
at simulation time 1.52 seconds.  
 
5.4.3 The Relation between the Adsorption and the Tortuosity for 
Microchannel System with Similar Microchannel Length 
The relation between the adsorption and the tortuosity for different 
injection velocity is investigated. Similar with the simulation conducted in the 
previous section in this chapter, empty microchannels with different 
tortuosity configurations are prepared. All microchannels in the simulation 
have a similar length, i.e. 200 µm. 12500 ppm of nanoparticle concentration 
is injected from the inlet boundary of the microchannel until its equilibrium 
condition achieved.  The equilibrium adsorbate concentration is retrieved 
from the value of the adsorbate concentration in the equilibrium condition. 
The equilibrium condition is when the rate of adsorption equals the rate of 
the desorption. This condition is, for example shown the plateau of the 
adsorbate concentration profile in Figure 5.6. In the simulation, the plateau 
is accepted as the equilibrium condition when the difference of the current 
and the concentration magnitude after the previous time step is less than 
0.01%. This percentage is simply known as the error. For sensitivity study, 
the simulation is conducted under three different constant injection velocity, 
i.e. vo= 8.08x10-5 m/s, v=0.5vo, and v=2vo. The adsorption and desorption 
mechanism follows Freundlich adsorption isotherm mechanism which is 
governed by the concentration difference between the fluid bulk and the 
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adsorption surface. Hence, the equilibrium adsorbate concentration and the 
corresponding tortuosity is plotted and investigated.  
The situation in the discontinuous injection is different from the 
continuous injection. Except what is desorbed from the wall, there is no 
more bulk concentration after the main concentration leaves the domain. As 
there appears to be no desorption, there must be no adsorption either. The 
equilibrium average adsorbate concentration is therefore the ‘final’ 
adsorbate concentration. 
 
 
Figure 5.8: The equilibrium adsorption and desorption concentration for 
similar length 
 
In this study, it is discovered that the advection kinetic contributes 
more dominant effects to the adsorption than the tortuosity. The plot of the 
final concentration and the corresponding tortuosity is found in Figure 5.8. In 
the figure, high injection velocity is specified by the green colour marks, the 
medium injection velocity is specified by the red coloured marks, and the 
high velocity is specified by the blue coloured marks.  In the system with 
high velocity, the final adsorbate concentration is comparable. It is shown by 
the green marks whose trend is situated linearly. When the injection velocity 
is lessening, the tortuosity starts to give more effect to the adsorption. This is 
shown by the trend of the red and the blue marks that indicates the velocity 
increase correspondingly. 
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In general, the equilibrium concentration varies inversely to the 
magnitude of the tortuosity. The adsorbate concentration is less in the 
tortuous microchannel because the sweep efficiency of the particles on the 
wall of the microchannel is lowered by the bends. This condition reduces the 
uniformity of the adsorption coverage on the microchannel in time. The 
results are supported by the finding discussed in section 5.4.2. Figure 5.8 
also shows that the magnitude of the final adsorbate concentration is 
inversely proportional with the injection velocity. The final adsorbate of each 
velocity is comparable due to the similar adsorption surface area that each 
of the microchannels has.  
 
5.4.4 Effect of tortuosity on the effluent and adsorbate 
concentration  
In this section, the general effect of tortuosity and the adsorption is 
investigated by comparing the effluent concentration and adsorbate 
concentration of nanoparticle that is injected into two different microchannels 
with similar tortuosity. 
 
 
Figure 5.9: Illustration for the geometries that have similar tortuosity but 
different configuration. 
 
Two microchannel geometries from the set of microchannels 
established in the previous study were selected. The illustration of the 
selected microchannels is shown in Figure 5.9. Geometry E has tortuosity 
2.163 and geometry F has tortuosity 2.166. Although the tortuosity of both 
microchannels are comparable, each of them have different microchannel 
configuration. For both geometry, the length of the microchannel use in the 
investigation similar, i.e. 200 µm from the inlet boundary. 12500 ppm of 
nanoparticle concentration is injected from 6 pore volume to the inlet 
E F
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boundary of each microchannel under three different steady velocities, i.e. v0 
=8.08x10-5 m/s, 0.5v0 and 2v0. The adsorption and desorption mechanism 
follows Freundlich adsorption isotherm mechanism which is governed by the 
difference in concentration between the fluid bulk and the wall of the 
microchannel. 
 
 
Figure 5.10: The effluent concentration of different microchannel with similar 
tortuosity. 
 
The trend of the outlet effluent concentration for each case is plotted 
against the injection volume (measured in pore volumes) and results are 
shown in Figure 5.10. It is observed that the effluent concentration for 
similar tortuosity align to each other in a relatively high precision.  
The effluent concentration for every simulation time step for both 
tortuosity configurations is compared. The comparison follows ሺ்ܿୀଶ.ଵ଺଺ െ
்ܿୀଶ.ଵ଺ଷሻ/்ܿୀଶ.ଵ଺଺, where ்ܿୀଶ.ଵ଺଺ is the effluent concentration that is 
observed at the outlet boundary for geometry A and ்ܿୀଶ.ଵ଺ଷ is for geometry 
B. The averages of the comparison are calculated by dividing the sum of all 
comparison measurements by the number of measurements. This 
parameter is known as average difference in this study. The average 
difference for v=0.5v0 is 0.313%, for v=v0 is 1.15%, and v=2v0 is 1.94%. 
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These errors are relatively small and can be neglected. Therefore, it is 
possible to utilise the tortuosity as a key parameter to indicate channel 
complexity. In addition, the influence of the velocity to the effluent 
concentration can be observed easily.  
Higher injection velocity transports more particles to the outlet in less 
time than the low velocity does. Therefore, the magnitude of the maximum 
effluent concentration is large for high injection velocity. The high injection 
velocity transports the fluid bulk altogether, leaving a short tail behind that 
shown by the rapid decrease of the concentration line after reaching the 
peak. The tail shows the concentration flow that was left behind due to the 
diffusion. 
 
 
Figure 5.11: The concentration of the adsorbate for different microchannel 
with similar tortuosity. 
 
The trend of the adsorbate concentration versus injection volume is 
shown in Figure 5.11. The profile of the adsorbate concentration increases 
rapidly at the beginning of the simulation and then is flattened after a certain 
injection volume. It is again discovered that the amount of injection to 
convey the system into equilibrium is affected by the injection velocity. Fluid 
flow with lower injection velocity allows a better contact between the 
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concentration in the fluid bulk and the microchannel wall. Hence high 
injection velocity encourages the concentration adsorption onto the 
microchannel wall. This is shown in Figure 5.9, where the system with the 
lowest injection velocity has the largest concentration plateau of all.  
Again, it is also observed that there is a slight curve at the adsorbate 
profile just before it reaches its equilibrium concentration. After adsorption 
that occurs at the beginning, some of the adsorbed nanoparticles are 
desorbed back into the microchannel. The higher adsorption happens at the 
beginning occurs due to the influence of the diffusion that diffuse the 
concentration in front of the main bulk. When the main concentration bulk 
comes, some of the adsorbed concentrations are desorbed back to the 
channel to balance the concentration between the wall and the microchannel 
wall.  
The adsorbed concentration for every simulation time step for both 
tortuosity configurations is also compared. The comparison follows 
ሺܿܤ்ୀଶ.ଵ଺଺ െ ܿܤ்ୀଶ.ଵ଺ଷሻ/ܿܤ்ୀଶ.ଵ଺଺, where ܿܤ்ୀଶ.ଵ଺଺ is the adsorbate 
concentration that is observed at the outlet boundary for geometry A and 
ܿܤ்ୀଶ.ଵ଺ଷ is for geometry B. The averages of the comparison are calculated 
by dividing the sum of all comparison measurements by the number of 
measurements. In this study, this parameter is known as average difference. 
The average difference for v=0.5 v0 is 0.313%, for v=v0 is 1.15%, and v=2v0 
is 1.94%, which are similar to the comparison which derived from the 
effluent concentration.  
It appears that the channel geometry does not give much adsorption 
difference for the two geometries. The adsorption differences for both 
channel geometry are relatively small. It means that the adsorption can be 
related directly to the magnitude of the tortuosity. 
 
5.5 Adsorption in Identical Inlet-Outlet Distance Tortuous 
Microchannel  
The second study is to investigate the behaviour of the concentration 
that flows inside various tortuous microchannels with equal inlet-outlet 
distance. The surface area of the microchannel with equal inlet-outlet 
distance is not always similar with the one with equal inlet-outlet length. For 
a constant diameter, microchannels with equal inlet-outlet length always 
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have similar surface area. However, it is not always the same with 
microchannels with equal inlet-outlet distance. The latter is very dependant 
to the configuration of the microchannel, i.e. tortuosity. The microchannel 
with higher tortuosity has greater surface area than the microchannel with 
lower tortuosity. Since the surface area of the microchannel depends on the 
tortuosity, adsorbate mass is considered to use for comparison instead of 
using adsorbate concentration, since using the latter does not give a fair 
result. 
In this study, the configuration of the microchannels follows the one 
used previously for the microchannel with identical length; however, the full 
length of microchannel is now considered. There are two injection types 
used in the system, i.e. continuous and discontinuous particles injection. The 
particles are transported along a steady state flow field inside the 
microchannel. The injection volume is linearly proportional to the simulation 
time because the concentration flows under a steady injection velocity. 
Effluent concentration, adsorbate concentration and adsorbate mass are 
investigated which values are obtained from the average along the 
corresponding boundaries. 
 
5.5.1 Continuous Injection in Tortuous Microchannels with 
Identical Length in Identical Inlet-Outlet Distance  
In this study, seven tortuous microchannels with diameter of 20 µm 
and 200-µm inlet-outlet distance are prepared. The elongation shape of 
each microchannel is not similar; therefore, the corresponding tortuosity is 
also different. Initially, each microchannel is empty from any nanoparticles 
concentration. 12500 ppm of nanoparticle concentration is then injected 
continuously from the left boundary of the microchannel with a constant 
injection velocity of 8.08x10-5 m/s. Some of the particles are adsorbed on the 
microchannel wall until the system reaches its equilibrium condition. The 
adsorption and desorption mechanism follows Freundlich adsorption 
isotherm mechanism which is governed by the concentration difference 
between the fluid bulk and the adsorption surface. 
The relation between the effluent concentration and the injection 
volume for nanoparticle continuous injection is shown in Figure 5.12. In this 
study, the injection volume is proportional to the simulation time. The 
injection volume is specific for each case because it utilises relevant pore 
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volume for each channel configuration. The effluent concentration rises at 
the beginning of the simulation and then gradually flattens. It is discovered 
that the required injected volume for the breakthrough is inversely varies 
with the magnitude of tortuosity. In other words, the tortuosity delays the 
breakthrough. This occurrence indicates that the concentration moves easier 
in the less tortuous microchannel. This means the effect of flow and diffusion 
is more dominant for the concentration transport for microchannel with less 
tortuosity. 
 
 
Figure 5.12: Effluent concentration at 200 um channel length for continuous 
PPCA injection (ppm) 
 
According to expectation, the magnitude of the effluent concentration 
in every case eventually reaches the inlet concentration. This is when the 
microchannel is saturated with the concentration and the adsorption and 
desorption are in equilibrium. In this steady state condition, the 
concentration difference between the fluid bulk and the microchannel wall 
remains constant due to comparable adsorption and desorption rate in the 
system. Hence, the concentration detected at the outlet is similar with the 
injected concentration at the inlet.  
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The trend of the adsorbate concentration is shown in Figure 5.13. 
The concentration of the adsorbate increases due to the unlimited supply of 
the particles in the fluid bulk. The rate of the adsorption is shown by the 
gradient increase of the adsorbate concentration. The rate of the adsorption 
appears to be comparable for all cases. This is happens because the 
adsorption and desorption parameter used for all cases in the simulations 
are the same. The profile of the adsorbate concentration of all cases is also 
in one alignment, which shows equilibrium condition for the adsorption 
desorption on the area of each microchannel has been comparably 
achieved.  
 
 
Figure 5.13: Effluent concentration at 200 um channel length for continuous 
PPCA injection (ppm) 
 
In this study, each microchannel has its own specific surface area 
due to the corresponding shape and tortuosity. Therefore, the amount of the 
adsorbate on the microchannel wall is not comparable using the 
concentration since the magnitude of this parameter is normalised to the 
corresponding microchannel surface area. The mass of the adsorbate is 
then used for investigation because this parameter indicates the actual 
amount of the adsorbate on the wall. The profile of the adsorbate mass for 
different tortuosity is shown in Figure 5.14. The adsorbate mass profile in 
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this figure is plotted against the injection volume, which is independent to the 
simulation time. Observing the trend, there are more mass of particles 
adsorbed in the microchannel with higher tortuosity. There are two reasons 
for this. The first one, the microchannel with higher tortuosity has larger 
surface area than the lower one, allowing more adsorption happens on to it. 
The second one is due to the bends that happens in the system. The bends 
alter how the wall of the microchannel situated relatively to the direction of 
the flow. The possibility for nanoparticles to be adsorbed on the wall is 
increased when the wall is facing the direction of the concentration flow. This 
is validated with investigating the profile of the concentration on the 
microchannel, which is shown in Table 5.2. 
 
 
Figure 5.14: Effluent concentration at 200 um channel length for continuous 
PPCA injection (ppm) 
 
Table 5.3. shows the comparison of the distribution profile of the 
injected nanoparticle and the corresponding adsorbate concentration for 
continuous injection for geometry A, B, and E. The first column shows the 
nanoparticles concentration distribution in the microchannel (units in mol/m3) 
and the second column shows the corresponding adsorbate concentration 
for each geometry (mol/m2). The data are obtained from the average value 
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of the specific location in the microchannel after the injection is conducted 
for 2 seconds.  
 
 
(A1) Surface concentration profile at 2 seconds (A2) Adsorbate concentration at 2 seconds 
 
(B1) Surface concentration profile at 2 seconds 
 
(B2) Adsorbate concentration at 2 seconds 
 
(C1) Surface concentration profile at 2 seconds 
 
(C2) Adsorbate concentration profile at 2 seconds 
Table 5.3 : Distribution profile of the injected nanoparticle and the 
corresponding adsorbate concentration on the wall for geometry A, B, 
and D for continuous injection. The unit in x-axis is in µm. 
 
Looking at the nanoparticle concentration profile in the first column in 
Table 5.3 figure (A1), (A2) and (A3), it seems that at this time step the 
microchannel has been filled with comparable nanoparticles concentration. 
Injection
Injection
Injection
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For this moment, the concentration at the inlet of all the microchannel is 
similar, i.e. 70x10-7 mol/m3. However, the adsorbate distribution along the 
wall is not similar for each geometry. This is shown by the adsorbate 
concentration profile in the second column. The adsorbate concentration in 
(A2) shows a linear profile. The adsorbate concentration in (B2) and (B3) 
shows some undulations profile that corresponds with the bends in the 
microchannel. Adsorbate concentration is always reduced at the bends; 
however, it increases on the surface wall after the bends that perpendicular 
to the direction of the injection fluid flow-path. The figure for the distribution 
for surface concentration and the adsorbate concentration for all 
microchannel configurations in different simulation time is shown in 
Appendix C-1. 
 
5.5.2 Discontinuous Injection in Tortuous Microchannels with 
Identical Length in Identical Inlet-Outlet Distance 
In this section, the investigation is conducted to discuss the behaviour 
of the concentration that is discontinuously injected at the beginning of the 
simulation. Similar with the previous study, 20µm diameter with 200µm 
length microchannel is used as the domain in the study. Seven 
microchannels with different tortuosity are used for the sensitivity study.  The 
microchannels are initially empty with no concentration accumulation on the 
walls. Then, 12500 ppm of nanoparticles concentration is injected into the 
microchannel from the inlet boundary between 0 to tmax/1000 seconds, 
where tmax is the maximum simulation duration time. tmax is selected when 
the effluent concentration profile reaches its equilibrium condition. The 
equilibrium concentration is obtained by investigating the value of ܿ௧	when ሺ௖೟ି௖೟శభሻ
௖೟ ൏ 0.001%. In this case, ܿ௧ (ppm) is the average effluent 
concentration at time t. After the period of concentration injection, the carrier 
fluid continues to flow in through the inlet at constant rate for the whole 
simulation duration. A mechanism of adsorption and desorption is expected 
to happens on the microchannel wall that follows the Freundlich adsorption 
isotherm mechanism. The mechanism is governed by the difference in 
concentration between the fluid bulk and the surface of the microchannel. 
The trend of the effluent concentration, mass and the concentration of the 
adsorbate are discussed. 
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Figure 5.15: Average effluent concentration for discontinuous particles 
injection  
 
The profiles of the average effluent concentration measured at the 
outlet boundary of the microchannels are shown in Figure 5.15. The 
magnitude of the concentration is much less than the one measured in the 
continuous injection (i.e. Figure 5.12. In this case, the amount of injected 
nanoparticles in limited due to the discontinuous concentration injection 
applied in the system. Not all of the injected nanoparticles transport out of 
the microchannel because some of them are adsorbed onto the 
microchannel wall. It is again observed that the required injection volume is 
proportional to the magnitude of the tortuosity. This indicates that 
concentration transport easier in the least tortuous microchannel. The 
magnitude of the average effluent concentration is the highest for the least 
tortuous microchannel. Inversely, the magnitude of the average effluent 
concentration is the least for the most tortuous microchannel. This shows 
that the magnitude of the average effluent concentration varies inversely to 
the magnitude of the tortuosity. It means that there are more nanoparticles 
adsorbed as the tortuosity of the microchannel increases. This observations 
have a good agreement with the one discovered in the study with the 
continuous injection.   
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Figure 5.16: Mass of the adsorbate for discontinuous particles injection  
 
 
Figure 5.17: Concentration of the adsorbate for discontinuous particles 
injection  
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(A1) Concentration profile at 0.9 seconds 
 
(A2) Adsorbate concentration profile at 0.9 
seconds 
 
(B1) Concentration profile at 0.9 seconds 
 
(B2) Adsorbate concentration profile at 0.9 
seconds 
 
(C1) Concentration profile at 0.9 seconds (C2) Adsorbate concentration profile at 0.9 
seconds 
Table 5.4 : Distribution profile of the injected nanoparticle and the 
corresponding adsorbate concentration on the wall for geometry A, B, 
and D for discontinuous injection. The unit in x-axis is in µm. 
 
The profile of the average adsorbate mass for different injected 
volume is shown in Figure 5.16. For each case, it is discovered that there is 
a short kink in the adsorbate mass profile at the beginning of the 
breakthrough. This is seen only because of the smoothing mechanism of the 
profile connecting the data obtained from the simulation.  
Injection
Injection
Injection
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The trend of the adsorbate concentration is, however, inversely 
correlated with the tortuosity since it takes into account the surface area of 
the microchannel. However, the result using adsorbate profile is 
incomparable because the surface area for each case is not similar. The 
profile of the adsorbate concentration and the injection volume is shown in 
Figure 5.17. 
Table 5.4 shows the comparison of the distribution profile of the 
injected nanoparticle and the corresponding adsorbate concentration for 
discontinuous injection for geometry A, B, and E after 0.9 seconds. In this 
timestep the main bulk concentration (mol/m3) has left the microchannel that 
is shown by the low magnitude of nanoparticles concentration in the left 
column in Table 5.4. The adsorbate concentration (mol/m2) is shown on the 
right colume in the table.  
The distribution of the adsorbed particles on the walls is not the same 
for each geometry. The adsorbate concentration on the wall of the 
microchannel A is smooth, starting from 20x10-4 mol/m2, and it increases up 
to 27x10-4 mol/m2 at the length of 60-80 µm, then it decrease towards the 
outlet. In microchannel B, concentration at the inlet is also 20x10-4 mol/m2,  
then it builds up until 50 µm. It is at its maximum value between 50 and 90 
µm, where it is located at the surface after the bend. After 100 µm, the 
profile decreases steeper than in microchannel A.  
In microchannel D, the effect of tortuosity looks more obvious. The 
adsorbate concentration starts at  20x10-4 mol/m2, then it increase until the 
first bend at 40 µm. The adsorbate keeps high until the second bend at 80 
µm, then decrease all the way until the outlet. The decrease is steeper than 
the other two geometries with a few undulation that corresponds with the 
bends in the channel. The adsorbate concentration on the bends is slightly 
lower that in the adjacent straight wall at its surrounding location. 
 
5.5.3 The Relation between the Effluent Concentration and the 
Tortuosity for Microchannel System with Equal Inlet-Outlet 
Distance 
In this part, the relation between the effluent concentration and the 
tortuosity for microchannel system with equal inlet-outlet distance is 
discussed. Data for the investigation is taken from the simulation results 
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conducted in Section 5.5.2. However, the simulation was conducted under 
three different velocities, i.e. v0=8.08x10-5 m/s, v=0.5v0, and v=2v0.  
 
 
Figure 5.18: Adsorbate concentration for discontinuous particles injection 
for 3 difference velocities, i.e. v0, 0.5x v0, and 2x v0, where v0=8.08x10-5 
m/s 
 
The profile of the equilibrium adsorbate concentration versus the 
tortuosity is shown in Figure 5.18. The equilibrium adsorbate concentration 
is taken from the result in Section 5.5.2 on the value of ܿ௧	when ሺ௖೟௫௖೟శభሻ௖೟ ൏
0.001%. In this case, ܿ௧ (mol/m2) is the adsorbate concentration at time t. 
The magnitude of the adsorbate concentration varies inversely to the 
injection velocity. This is consistent with the observation from the previous 
results i.e. the study for the case with the continuous injection. However, it is 
more obvious to discover that the adsorption concentration is influenced by 
the tortuosity of the microchannel by conducting the simulation for the 
discontinuous particles injection than the continuous injection.  
The concentration of the adsorbate varies inversely with the 
magnitude of the tortuosity.  The effect of tortuosity to the adsorbate 
concentration is more remarkable for the microchannel system with higher 
injection velocity than the lower one. Adsorbate concentration is the highest 
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for the microchannel system with the lowest tortuosity and the highest 
injection velocity. Inversely, the lowest adsorbate concentration is observed 
for a microchannel system with highest tortuosity and the lowest injection 
velocity. This resembles one of the previous results that investigates the 
relation between tortuosity and the fractal filling fraction [252], where the 
fractal filling fraction is represented as adsorbate concentration in this case. 
However, it is not fair to use adsorbate concentration for comparison since 
these parameters consider the corresponding adsorption area in the 
microchannel that is not similar from one to another. It is important to 
investigate the adsorbate mass since this parameter indicates the actual 
adsorption on the surface excluding the area consideration.  
 
 
Figure 5.19: Mass of the adsorbate for discontinuous particles injection for 3 
difference velocities, i.e. v0, 0.5x v0, and 2x v0, where v0=8.08x10-5 m/s 
 
The trend of the equilibrium adsorbate mass against the magnitude of 
the tortuosity is shown in Figure 5.19. The equilibrium adsorbate mass is 
taken from the result in Section 5.5.2 on the value of ݉௧	when ሺ௠೟௫௠೟శభሻ௠೟ ൏
0.001%. In this case ݉௧ (mg) is the adsorbate mass at time t. Investigating 
the equilibrium adsorbate mass in the microchannel system, it is discovered 
that the adsorbate mass is discovered the highest for the system with lowest 
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velocity in the most tortuous microchannel. On the other hand, the least 
adsorbate mass is found in the system with the highest velocity in the least 
tortuous microchannel. It is important to state that the amount of the injected 
nanoparticles is the same for all cases. 
Difference in the discovery between the profile of the adsorbate 
concentration and the adsorbate mass occurs because the adsorption 
happens on the microchannel wall is not even. The adsorption at the bends 
tends to smaller than the wall after the bends when it is perpendicular to the 
direction of the flow. Reducing the injection velocity increases the interaction 
efficiency of the particles and the channel wall, resulting in more adsorption. 
However, the total adsorbate mass is found to be higher in the microchannel 
with higher tortuosity because, in this case, higher tortuosity means larger 
microchannel surface area. 
5.6 Summary and Conclusion 
Investigation for the effect ot microchannel complexity to the adsorption 
mechanism on to the microchannel wall is discussed in this chapter. The 
channel complexity is represented by the tortuosity [238], which is the ratio 
of the distance of two points with the actual length. Complexity in pore’s 
geometrical structure has a significant influence to the flow easiness of the 
pore system. Transport properties in tortuous porous material has been 
investigated in many areas, e.g. fracture surface [248], lungs [249], metal 
foams[250], and aerogel [251, 252]. However, the investigation of porous 
media and the transport phenomena within has generally been limited to 
macroscopic measurement, which discussion for the microscopic pore 
structure has not been much covered  [252]. This chapter is a revisit to 
investigate the latter as a contribution for study of transport in porous media. 
In this chapter, investigation fot the effect of the complexity of the 
microchannel with the flow and adsorption/desorption process of the 
nanoparticle in the system is conducted.  
The simulation was developed based on the 2D microchannel model in 
Chapter 4. Seven microchannel geometries with different tortuosity are 
utilised where two of them have similar tortuosity with different configuration. 
There are two conditions to investigated, i.e. tortuous microchannel with 
similar length and tortuous microchannel with similar outlet-inlet distance. 
The first condition considers only the aspect of the complexity of the 
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microchannel. The second condition considers the aspect of microchannel 
complexity and the corresponding surface area. Both cases have different 
implication to the microchannel adsorption surface area. In the 
microchannels with equal length, the adsorption area for all microchannels 
are comparable. In the cases of microchannel with equal inlet-outlet 
distance, the surface area of the microchannel is proportional to the 
corresponding tortuosity magnitude. The simulation for both configuration is 
carried out under continuous and discontinous nanoparticles injection. The 
investigation then is conducted by studying the effluent concentration, the 
adsorbate concentation, and the adsorbate mass for both continuous and 
discontinuous concentration injection. Then, for comparing the adsorption 
process, adsorbate concentration is used for investigation conducted for 
sensitivity study for microchannels with similar surface area. On the other 
hand, adsorbate mass can be used for investigation conducted for 
microchannles with various surface area. It is because the magnitude of 
adsorbate mass is not “normalised” by surface area of the domain. 
For the case of the microchannel with equal length, tortuosity means 
the complexity of the channel. It is discovered that the magnitude of the 
channel tortuosity is proportional to the amount of the time and injected 
concentration needed by the system to reach the steady state condition. The 
steady state condition of the effluent concentration is the maximum effluent 
concentration whose value is similar to the injected concentration. This also 
indicates the equilibrium condition where the rates of adsorption and 
desorption are comparable. Microchannel system with a highly tortuous 
microchannel needs more time to reach the equilibrium concentration 
compare to the system with simpler microchannel configuration. The effect 
of microchannel complexity (tortuosity) for these parameter is more 
dominant when the tortusity also represents the effective length of the 
microchannel. 
The adsorption process happen more smooth and uniform on the 
microchannel with low tortuosity than the ones with more complex 
configuration. Adsorbate concentration is always reduced at the bends. 
Bends in the channel somehow reduce the sweep efficiency between the 
bend wall and the concentration in the fluid bulk. This phenomenon is 
related to the profile of velocity field in the region which is lower than its 
surrounding. However, the adsorbate increases on the surface wall after the 
bends that is located perpendicular to the direction of the injection fluid flow 
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path. The bends alter how the wall of the microchannel situated relatively to 
the direction of the flow. The possibility for nanoparticles to be adsorbed on 
the wall is increased when the wall is facing the direction of the 
concentration flow. This causes the overall adsorption is less dense for the 
microchannel with high tortuosity, which is confirmed by investigating the 
concentration of the adsorbate on the microchannel wall. It is also 
discovered that the advection kinetic contributes more dominant effects to 
the adsorption than the tortuosity. This is shown by plotting the adsorbate 
concentration and mass against the tortuosity magnitude for different 
injection velocity.  
For the case of the microchannel with the same inlet-outlet distance, 
tortuosity means both microchannel complexity and the surface area of the 
microchannel. Increase tortuosity means increase in complexity, as well as 
the increase of the microchannel surface area. Therefore, instead of only 
investigating the concentration behaviour, the mass of the adsorbate 
nanoparticle is as well discussed. Using mass of the adsorbate gives more 
understanding and overview to the actual adsorption than investigating the 
adsorbate concentration for tortuous microchannels with various surface 
area. This is because the magnitude of the adsorbate mass is not 
‘normalised’ with the surface area as the adsorbate concentration is. 
The concentration of the adsorbate varies inversely to the tortuosity, 
which is in agreement with the previous study [252]. However, the mass of 
the adsorbate is positively correlated with the tortuosity. In the study, these 
are shown by the comparison of the concentration and mass of the 
adsorbate for different tortuous microchannel. There are two reasons for 
this. The first one, the microchannel with higher tortuousity has larger 
surface area, allowing more mass adsorbed on to it. The second one, the 
bends introduce perpendicular walls against the direction of the 
concentration flow, increasing the chance for the particles to be adsorbed on 
these walls. The adsorption on the bend itself, however, is less than the 
surrounding surfaces. This happens because the advection effect in this 
location is low, reducing the sweep efficiency of the concentration bulk and 
the microchannel wall. 
The average adsorbate concentration measured is less for 
microchannel system with high complexity for the system with equal inlet-
outlet distance. The complexity, in this case, is indicated by the magnitude of 
tortuosity. The effect of the tortuosity to the adsorption process is more 
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significant as the injection velocity decreases. In this condition, the effect of 
the tortuosity is more dominating to the adsorption than the advection.  
However, although the microchannel with high tortuosity has a lower 
adsorbate concentration compared to the microchannel with low tortuosity, 
the mass is higher for the former. The equilibrium (final) mass of the 
adsorbate is typically increased along with the tortuosity magnitude. The 
trend of the increase is relatively linear for higher injection velocity, but rises 
more as the injection velocity reduces. It is also observed that the tortuosity 
has a negative correlation with the desorption rate.   
 
 Chapter 6  
Distribution of Nanoparticles in a Single Rough Surface 
Microchannel 
 
6.1 Introduction 
This chapter presents a study of the effect of the wall roughness on  
the adsoption of the injected nanoparticle in the microchannel system. The 
model buiilds on that developed in Chapter 4.   
 
 
(a) 
 
(b) 
 
(c) 
Figure 6.1: (a) Grains of the clashash sample before injection that 
dominantly consist of quartz grains with open pore, (b) Post-test 
sample of the injection face of the core plug showing the occurrence of 
a very thin filter cake of particles but with large, open pores. (c) Post-
test sample showing that the scattered kaolinite platelets on quartz 
grains are still held in place after successive treatments. (After Fleming 
et al[114]) 
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This study is initiated by an investigation conducted by Fleming et al 
[103, 113]. They studied the alteration of the formation properties as a result 
of injecting a low concentration kaolinite and organosilane into the reservoir. 
This produces an increase in the rock formation surface area which 
enhances the adsorption of the scale inhibitor in the scale squeeze 
treatment. In the scale squeeze treatment, the kaolinite and calcium 
carbonate particles are injected along the preflush fluid and subsequently 
followed by the injection of the scale inhibitor and the organosilane in the 
main treatment. The kaolinite particles are retained in the near-wellbore 
region by the organosilane and enhance the number of potential adsorption 
sites for scale inhibitor. The investigation was conducted by injecting a 
clashash core sample with kaolinite. The condition of the core sample before 
injection is shown in Figure 6.1. Figure 6.1a shows the surface of the rock 
sample grain before the injection which is still clean from the kaolinites. 
Figure 6.1a and Figure 6.1b shows the condition of the rock grains after the 
injection. In the later figures, It is observed that a thin layer cake of kaolinite 
is formed on the surface of the rock grains which increases the total surface 
area of the grains.  
In this study, the heterogenuous site surface of the microchannel is 
simplified and modelled by introducing an array of regular rectangules at the 
side-wall boundary. This array modifies the length of the microchannel and 
adjusts its corresponding surface area. The detail is discussed later in 
Section 6.3.  
6.2 Aims and Objectives 
Rough surface improves the adsorption mechanism, however the detail 
investigation of the adsorption profile on the wall’s asperition is not yet much 
uncovered by the previous studies [254-258], especially for an injected 
nanoparticle concentration. Therefore, this study is conducted to investigate 
the adsorption and desorption profile of nanoparticles on the asperition of 
the microchannel wall surface. In this study, the wall roughness is an 
analogue of a microchannel wall surface alteration due to significant 
nanoparticle adsorption that significantly modify the internal configuration of 
the microchannel. The objective in this chapter is to investigate the 
concentration profile of the effluent and the adsorbed particles for different 
wall roughness for continuous and discontinuous concentration injection.  
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6.3 Simulation Setup 
Illustration Surface variation 
Actual surface 
length, Las 
(µm) 
Average roughness 
ሺܴ௔, μ݉ሻ 
Surface 
area (µm2)
 
 
 
 
 
200 
(reference) 
 
ܴ௔ ൌ 0 
12566.37 
 
 
 
 
250 ܴ௔ ൌ 0.25 15707.96 
 
 
 
 
300 ܴ௔ ൌ 0.5 18849.56 
 
 
 
 
350 ܴ௔ ൌ 0.75 21991.15 
 
 
 
 
400 ܴ௔ ൌ 1 25132.74 
Table 6.1: The geometry of the simulation setup 
 
A 3D axis-symmetrical single and straight microchannel geometry 
model is used in the study. The simulation is developed based on the 
approach discussed in Chapter 4. To model the surface variation, an array 
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of regular-shaped rectangles is introduced along the channel wall as the 
equivalent of the wall roughness. The dimension of each rectangle is 
modified proportionally to simulate the change of the microchannel’s 
roughness due to the particles adsorption on to it. This subsequently 
increases the surface area of the microchannel where the outer diameter of 
the microchannel remains constant.  
In the study, the roughness is measured using average surface 
roughness ሺܴ௔ሻ	, which is the industry standard term for surface roughness. 
The magnitude of the average surface roughness follows equation 6.1 
below: 
 ܴ௔ ൌ 1݈ න |݂ሺݔሻ|݈݀
௟
଴
 (6.1)
where ܴ௔ is the average surface roughness (µm), ݈ is the length of the 
microchannel surface (dimensionless), and ݂ሺݔሻ is the vertical surface 
position measured from the average surface height (µm). The illustration of 
the average surface roughness is shown in the figure below. 
 
 
Figure 6.2 Illustration of the average surface roughness 
 
The average surface roughness parameter used in this simulation is 0 
µm, 0.25 µm, 0.5 µm, 0.75 µm, and 1 µm where it is also shown in the fourth 
column in Table 6.1. The first column in Table 6.1 shows an illustration of a 
3D axis-symmetric microchannel with a rough wall. The roughness of the 
wall is established by an arrangement of regular and comparable-sized 
rectangles that is located at one sidewall boundary. The other sidewall of the 
geometry is marked with red line indicated the symmetry of the geometry. 
The second column shows the geometrical illustration for the wall roughness 
due to the rectangle’s size alteration. Four microchannel scenarios with 
different surface roughness that are simulated in this study. From top to 
bottom, the roughness of the channel wall is increased which surface length 
is shown in the third column. The corresponded cylindrical surface area for 
each value of ܴௗ௜௠	is shown in the fifth column. The illustration for one 
y 
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microchannel geometry with ܴ௔ ൌ 1	μm used in the study is shown in Figure 
6.3. 
 
 
Figure 6.3 Illustration of the microchannel geometry with the velocity fields. 
Taken from the microchannel in this study for ܴ௔ ൌ 1	μm	 
 
The study is focused on the transportation, adsorption, and desorption 
of the injected nanoparticles that is injected along a steady flow. The 
transportation, adsorption and desorption of the particles are investigated for 
the continuous and discontinuous injection. The trend of the effluent 
concentration, and mass and the concentration of the adsorbed particles are 
discussed. The properties of the injected particles are taken based on the 
discussion in Chapter 4. The investigations for the continuous and 
discontinuous particle injection are conducted. Both investigations are 
subjected to a steady creeping flow v0=8.08x10-5 m/s, thus injection volume 
is linearly proportional to the injection simulation time. The profile of the 
concentration and mass are investigated against the arc length of the 
microchannel wall surface. The profile of the concentration and mass are not 
plotted against the distance from inlet so then the actual adsorption can be 
observed and compared easier. 
6.4 The Effect of the Wall Roughness to the Particle 
Transportation and Adsorption  
In this section, nanoparticles concentration is continuously injected into 
the microchannel. It is important to state that the simulation in this study is 
conducted under an identical steady state injection velocity, therefore the 
injection time length is proportional to the injection pore volume.  
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The trend of the adsorbate mass on the microchannel wall with 
different roughness is investigated. The adsorbate mass in this simulation is 
obtained by averaging the magnitude along the corresponding boundaries in 
time. The roughness is simulated by modifying the microchannel wall by 
introducing a set of asperities with even size along the wall. Sensitivity study 
for the concentration distribution also is conducted on various sizes of 
asperities. 
The mass of the adsorbate for wall roughness is plotted and compared 
against the arc length of the channel surface. Refer to Chapter 5 that it is 
more suitable to use adsorbate mass than the adsorbate concentration for 
comparing the adsorption on the microchannels with different adsorption 
surface areas. The mass of the adsorbate is obtained from the average of 
the cumulative mass on the surface of the microchannel domain at a specific 
time with axis-symmetric nature considered. Arc length is used instead of 
the distance from the inlet boundary of the microchannel to justify the 
surface area of the microchannel. The reason for the utilisation is that the 
former is more suitable to compare the adsorption on different adsorption 
areas for various roughnesses. 
 
6.4.1 Model Geometry Selection  
A preliminary study was conducted to select the type of geometry that 
is suitable for the modelling. Since the objective is to investigate the effect of 
the variety at the microchannel circumference on the concentration 
distribution, a preliminary study dedicated to compare actual 3D geometry 
and 3D symmetric axis geometry model behave similarly. Simulation using 
the actual 3D microchannel geometry is more accurate than the 3D 
symmetric axis geometry. However, the simulation time needed for it is 
much larger for the former than the latter.  
For the investigation, both geometries have similar diameter and length 
are prepared, i.e. 20µm and 200µm respectively. The average surface-
roughness parameter ሺܴ௔	ሻ	for both geometry configurations is 0. As initial 
condition, both geometries are empty from any nanoparticle concentration. 
12500 ppm of nanoparticles concentration is injected into the inlet of the 
geometries with a constant and continuous velocity v0=8.08x10-5 m/s. The 
simulation is conducted from 0 to 10 seconds. The average adsorbate mass 
along the wall for both 3D geometry channel and 3D symmetric axis 
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geometry are plotted and investigated. The adsorbate mass is obtained from 
the average of the nanoparticle mass accumulation on the wall at a specific 
time with axis symmetry is properly accounted.  
 
(a)                        (b) 
Figure 6.4: Mass of the adsorbate for different time steps (in seconds) for 
continuous particles injection for (a) actual 3D microchannel geometry 
and (b) 3D symmetric axis geometry for ܴ௔ ൌ 0	μm	 
 
 
(a)                        (b) 
Figure 6.5: Mass of the adsorbate for different simulation time (s) for 
discontinuous particles injection for (a) 3D microchannel geometry and 
(b) 3D axis symmetric geometry for ܴ௔ ൌ 1	μm 
 
Figure 6.4 shows side-by-side the profile of adsorbate mass that is 
measured along the arc length of a microchannel for the actual 3D 
microchannel geometry and the 3D symmetric axis microchannel geometry. 
It is discovered that the profile of the adsorbate mass for both geometry 
configurations is in good agreements.  
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The validation is also conducted for the discontinuous injection. 12500 
ppm of nanoparticle concentration is injected from 0 to 1/200 seconds with a 
constant injection velocity v0=8.08x10-5 m/s. The adsorbate mass is plotted 
against the microchannel arc length for various injection time step which is 
shown in Figure 6.5. It appears that the adsorbate mass profile for the 3D 
channel model and the 3D axis symmetric have a good agreement with each 
other. 
Therefore, it is deducted that the simulation conducted in the 3D 
symmetry axis geometry is comparable to the actual 3D geometry. This 
finding is important since using the 3D symmetry axis geometry reduces the 
simulation time significantly compare with modelling with the actual 3D 
microchannel geometry. Therefore, the 3D symmetry axis will be used for 
the rest of the study in this chapter.   
 
6.4.2 Continuous Injection Flow  
The effect of the wall roughness to the distribution and 
adsorption/desorption process of a continuously injected nanoparticle 
concentration on the microchannel is investigated. The roughness is 
simulated by modifying the surface of the microchannel by changing the size 
of the asperities on the wall. A parameter used for defining the roughness is 
the ratio between the actual surface are of the microchannel with the surface 
area of the base case, which is called the average surface roughnessሺܴ௔ሻ. 
The ܴ௔ selected are 0 µm, 0.25 µm, 0.5 µm, 0.75 µm, and 1 µm. The 
illustration for all geometry configurations is shown in Table 6.1.  
The adsorbate mass for different time steps are plotted and compared 
against the corresponding microchannel arc length. The profile is shown in 
Figure 6.6. The adsorbate mass are plotted for a few simulation time steps 
i.e. 0, 0.1, 0.2, 0.5, 1, 1.5, 5, 7.5, and 10 seconds. It is found that the 
adsorbate mass increases proportionally with the injection time. The 
adsorption profile is high at the region that is close to the inlet boundary, and 
then decreases gradually towards the outlet. The shape of the trend is also 
affected by the roughness of the microchannel wall. As it is observed that 
the profiles are altered with steps that correspond with the asperities on the 
wall.  
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(A*) No adsorption/desorption for ܴ௔ ൌ 0 μm (A) With adsorption/desorption for ܴ௔ ൌ 0 μm 
  
(B) With adsorption/desorption for ܴ௔ ൌ
0.25	μm 
(C) With adsorption/desorption for ܴ௔ ൌ
0.5 μm 
  
(D) With adsorption/desorption for ܴ௔ ൌ
0.75	μm 
(E) With adsorption/desorption for ܴ௔ ൌ 1 μm 
Figure 6.6: Adsorbate mass for different time steps (0 - 10 seconds) for 
continuous particles injection for various average surface roughness 
(ܴ௔ሻ 
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Figure 6.7:  Adsorbate mass on the channel wall for continuous particles 
injection for against the injection volume for various average surface 
roughness (ܴ௔ሻ 
 
Figure 6.7 shows the profile of the adsorbate mass against the 
injection volume. Additional profile with index A* is the result for simulation 
without adsorption process, used for validation for the developed model. 
There is no mass build up in the A* system. This is shown by flat trend of the 
adsorbate mass regardless of the injection pore volume.  
It is discovered that roughness of the wall gives positively correlates 
with the amount of particles adsorbed.  Microchannel with rougher surface 
has larger surface area than the microchannel with less roughness. 
Nanoparticles have more opportunity to be adsorbed on the microchannel 
wall with large surface area. As it is shown in Figure 6.7, the mass of the 
adsorbed concentration for B, C, D, and E microchannel compared with 
microchannel A are increased for 18.2%, 34.07%, 47.96% and 60.05% as 
the area of the adsorption surface are increases for 25%, 50%, 75% and 
100%. Hence the increase of the adsorption is positively correlated with the 
increase of the adsorption surface area, however the increase magnitude is 
not similar. 
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The effluent concentration measured at the microchannels’ outlet 
boundary is also investigated. Figure 6.8 shows the plot of the effluent 
concentration versus the corresponding injection volume for microchannels 
with various roughnesses. The effluent concentration increases together 
with the increase of injection volume. After 2 pore volume of injection, each 
of the effluent profile achieves the equilibrium condition. In the equilibrium, 
the magnitude of the effluent concentration is constant regardless the 
amount of the injected concentration. 
 
 
Figure 6.8:  Effluent concentration at the outlet for continuous particles 
injection for different pore volume 
 
The magnitude of the equilibrium concentration in Figure 6.8 is not 
similar due to multi-layered adsorption that is considered in the Freundlich 
adsorption isotherm mechanism assumed in the simulation. This is also 
confirmed by the discussion in Section 4.6.1.1 in Chapter 4.  The equilibrium 
effluent concentration of the system that takes into account the effect of 
desorption is less than the case without adsorption (A*). The equilibrium 
effluent concentration for the case A* is similar to the concentration of the 
initial injection.  
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Equilibrium concentration of the system decreases as the roughness of 
the wall increase. This shows that there is more adsorption happen in the 
wall with rougher surface. This indication is valid because the magnitude of 
the effluent concentration varies inversely with the amount of adsorbed 
particles on the microchannel wall. Comparing the flat surface with and 
without adsorption, the effluent concentration alters 21.11%. Furthermore, 
by increasing the length of adsorption wall by 25%, 50%, 75% and 100%, 
the equilibrium concentration decreases 9.83%, 18.61%, 26.38%, and 
33.25% for B, C, D, and E microchannel compared with microchannel A 
respectively. These values are in agreement with those obtained from the 
investigation of the adsorbate mass. Thus, it is deducted that the equilibrium 
adsorption concentration is inversely correlated with the surface roughness 
of the microchannel.  
The alteration of the profile’s gradient from the increase and the 
plateau indicates the injection required by the system to transport the 
concentration bulk to the outlet boundary. The injection needed to take the 
concentration bulk to the outlet boundary is similar for all roughness cases. 
The magnitude is similar because the distance between the outlet and the 
inlet for all cases are also similar, although the roughness and surface 
length of each are different. This indicates that the effect of the surface 
roughness does not significantly affect the movement of the concentration 
bulk, as long as the concentration is introduced to the system continuously.  
  
6.4.3 Discontinuous Injection Flow  
The effect of wall roughness to the distribution of the injected 
nanoparticles is discussed in this section. Five microchannels configurations 
with the ones in Section 6.4.1 are used for the investigation. At the 
beginning of the simulation, the microchannels are empty from nanoparticle 
concentration. 12500 ppm of nanoparticles concentration is injected to the 
inlet boundary of the microchannels from 0 to 1/200 seconds. The 
concentration is injected along with a constant 8.08x10-5 m/s fluid velocity 
from 0 to 10 seconds of simulation duration. After the period of concentration 
injection, the carrier fluid continues to flow in through the inlet at constant 
rate for the whole simulation duration. 
Figure 6.9 shows the profiles of the adsorbate mass on the channel 
wall for all microchannels with different roughness for various time steps. 
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The adsorbate mass in measured from the average cumulative nanoparticle 
mass on the microchannel wall by properly considers the axis symmetric of 
the geometry. The case for nanoparticle distribution microchannel without 
adsorption/desorption is also shown by the mass of adsorbate in Figure 6.9 
A* for validation.  
  
(A*) No adsorption/desorption for ܴ௔=0 (A) With adsorption/desorption for ܴ௔=0 
(B) With adsorption/desorption for ܴ௔=0.25 (C) With adsorption/desorption for ܴ௔=0.5 
  
(D) With adsorption/desorption for ܴ௔=0.75 (E) With adsorption/desorption for ܴ௔=1 
Figure 6.9: Adsorbate mass for different simulation time (0-10 seconds) for 
discontinuous particles injection particles injection for various average 
surface roughness (ܴ௔ሻ 
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Observing the trend of the adsorbate mass on the microchannel wall in 
Figure 6.9, at the beginning there is no nanoparticle mass on the 
microchannel wall. This, which is shown by the zero adsorption at 0 
seconds. At time 0.005 seconds, adsorbate starts to build up at the region 
close to the inlet boundary, but decrease gradually towards the outlet. 
Maximum value of the adsorbate concentration in the microchannel surface 
increases (shown in arc length in the figure) proportional with the injection 
time. The maximum value of the adsorbate also shifts to the right showing 
the nanoparticle coverage on the wall becomes larger as the injection time 
increase. This shows that the advection affects the placement of the 
adsorbate on the microchannel wall. This also the reason for maximum 
value of the adsorbate mass is not in the region that is close to the inlet. It is 
also observed that at the profiles of adsorbate mass for simulation time 5 – 
10 seconds align to each other. This means that the system has reach its 
equilibrium condition, where the rate of adsorption equals the desorption. 
The roughness of the channel affects the profile distribution of the adsorbate 
mass. The trend of the adsorbate is smooth for the smooth channel wall (i.e. 
case A). As the wall roughness increases, the profile of the adsorbate mass 
becomes rougher following the profile of the wall roughness 
The effect of different roughness to the adsorption mass is also 
investigated by comparing the profile development of the adsorbate mass 
against the injection volume in Figure 6.10. The mass of the adsorbate 
escalates as the injection increases. This escalation, however, is not 
unlimited as it is in the case of the continuous injection. The injection volume 
is proportional to the injection time length because the system is subjected 
to a constant advection velocity. When the injection volume equals to 1 pore 
volume, the main bulk mass of the injected nanoparticle leaves the outlet 
boundary of the microchannel. Because the nanoparticle is injected only at 
the beginning of the simulation with no slip condition, there is no more 
nanoparticle supply in the channel at this moment. The system reaches the 
equilibrium condition where the rate of the adsorption equals the desorption 
which is shown as a flat adsorption profile in the Figure 6.10. It is also 
observed that the adsorbate mass correlates positively to the magnitude of 
the wall roughness.  For similar microchannel length, rougher surface 
increases the adsorption surface area on the microchannel wall. Larger 
surface area enhances the possibility for more adsorption of the injected 
nanoparticle. 
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Figure 6.10:  Mass of the adsorbed particles on the channel wall for 
discontinuous injection as a function of injection volume for various 
average surface roughness (ࡾࢇሻ 
 
 
Figure 6.11:  Concentration of the adsorbed particles on the channel wall for 
discontinuous injection as a function of injection volume for various 
average surface roughness (ࡾࢇሻ 
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The concentration of the adsorbate for discontinuous injection is 
shown in Figure 6.11. The trend follows the profile of the adsorbate mass; 
however, the magnitude of the adsorbate mass is the inverse against the 
wall roughness. The adsorbate concentration varies inversely to the wall 
roughness magnitude. This shows the density of the adsorbed particle on 
the rougher wall is less than on the smoother one. The former has larger 
adsorbate because it has a larger surface area than the former. 
 
Figure 6.12:  Effluent concentration at the outlet for discontinuous particles 
injection as a function of injection volume for various average surface 
roughness (ܴ௔ሻ 
 
Figure 6.12 shows the trend of the effluent concentration for the 
discontinuous injection as a function of the injection volume. The start of the 
profile-increase indicates the breakthrough of the injected particles at the 
outlet boundary of the microchannel. The required injection for the front of 
the concentration bulk reaches the outlet is comparable for all roughness 
cases. Since the injection volume is linearly proportional with the injection 
time, this also means that the breakthrough time for all roughness case is 
comparable. The maximum value of the effluent concentration is, however, 
not similar for all cases. The value varies inversely to the roughness of the 
microchannel wall. This is shown in Figure 6.12 where the highest 
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maximum effluent concentration presents at the least rough channel (A), 
then it is followed by B, C, and D as the roughness increases. This is 
physically acceptable because adsorption occur higher on the microchannel 
wall with rougher surface than the smoother one due to the different in the 
magnitude of the surface are. This finding is in a good agreement with the 
investigation of the adsorbate mass previously.  
 
6.4.4 Effect of Wall Roughness to the Change in the 
Concentration Distribution and Adsorption in a 
Microchannel for Continuous and Discontinuous 
Nanoparticle Injection 
In this section, the effect of the wall roughness to the change in the 
concentration distribution and adsorption in a microchannel for continuous 
and discontinuous nanoparticle injection are discussed. The methodology is 
to investigate the deviation the effluent concentration (cA, mol/m3), 
adsorbate concentration (cB, mol/m2), adsorbate mol (nB, mol), and 
adsorbate mass (mB, mg) of different wall roughness. Base case for the 
study is the geometry is the microchannel with diameter roughness 
parameter (ܴୟ	ሻ ൌ 0	μ݉	, which is the microchannel with smooth wall surface.  
The deviation of each parameters cA, cB, nB, and mB for each 
ܴௗ௜௠	is shown in Table 6.2. The deviations shows in the columns in the table 
are the magnitude of the corresponding parameters compared with the base 
case. The increase of the wall roughness is indicated by the increase in 
ܴௗ௜௠. Effluent concentration (cA), adsorbate concentration (cB), adsorbate 
mol (nB), and adsorbate mass (mB) of different wall roughness are obtained 
from both cases of the continuous and discontinuous injection when the 
corresponding system reaches the equilibrium condition. Equilibrium 
condition for the case with continuous nanoparticle injection is indicated by 
zero gradient profile for the effluent concentration.  Equilibrium condition for 
the case with discontinuous nanoparticle injection is indicated by zero 
gradient profile for the adsorbate concentration. The equilibrium 
concentration is obtained by investigating the value of ܿ௧	when ሺ௖೟ି௖೟శభሻ௖೟ ൏
0.001%. In this case, ܿ௧ is the corresponding average concentration for each 
injection case at time t. 
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Rୟሺμmሻ cA Deviation cB Deviation nB Deviation mB Deviation 
Cont. Inj. Discont. 
Inj. 
Cont. 
Inj. 
Discont. 
Inj. 
Cont. 
Inj. 
Discont. 
Inj. 
Cont. 
Inj. 
Discont. 
Inj. 
0 0,00 % 0,00 % 0,00 % 0,00 % 0,00 % 0,00 % 0,00 % 0,00 % 
0.25 -6,00 % -54,83 % -5,88 % -6,12 % 17,65 % 17,35 % 17,65 % 17,35 % 
0.5 -12,17 % -76,90 % -11,70 % -12,01 % 32,45 % 31,98 % 32,45 % 31,98 % 
0.75 -18,31 % -88,35 % -17,33 % -17,65 % 44,67 % 44,11 % 44,67 % 44,11 % 
1 -24,32 % -94,40 % -22,72 % -22,99 % 54,57 % 54,01 % 54,57 % 54,01 % 
Note: 
(-) sign: decrease in the value deviation compared to the L-Equivalent 200 µm (ܴୟ ൌ 0	μ݉) 
(+) sign: increase in the value deviation compared to the L-Equivalent 200 µm (ܴୟ ൌ 0	μ݉) 
Table 6.2: Comparison for the deviation of the outlet effluent concentration 
(cA, mol/m3), concentration of the adsorbate (cB, mol/m2), mol of the 
adsorbate (nB, mol) and the mass of the adsorbate (mB, mg) for 
different wall roughness. 
 
Each of the deviations is plotted against the dimensionless roughness 
parameter of the microchannel wall. The plot is shown in Figure 6.13 and 
Figure 6.14 for continuous and discontinuous injection respectively. The 
value on the y-axis on the left shows the deviation of the effluent 
concentration and the adsorbate concentration (cB). The y-axis on the right 
shows the adsorbate mol and mass  
For both continuous and discontinuous injection, the deviation of the 
effluent concentration and the adsorbate concentration varies inversely with 
the microchannel roughness. On the other hand, the magnitude of adsorbate 
mol and mass are proportional with the roughness. The magnitude change 
for effluent concentration, adsorbate mol and adsorbate mass for both 
continuous and discontinuous nanoparticle injection are comparable.  
The alteration of the adsorbate concentration, mol, and mass for both 
continuous and discontinuous injection are comparable. The alteration of the 
effluent concentration for the increase of wall roughness is different between 
the continuous and discontinuous injection. This happens because the 
concentration for the former is unlimited and those in the latter are limited.  
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Figure 6.13: Comparison for the deviation of the outlet effluent 
concentration (cA, mol/m3), adsorbate concentration (cB, mol/m2), 
adsorbate mol (nB, mol) and adsorbate mass (mB, mg) for different 
wall roughness – continuous injection. 
 
 
Figure 6.14: Comparison for the deviation of the outlet effluent 
concentration (cA, mol/m3), adsorbate concentration (cB, mol/m2), 
adsorbate mol (nB, mol) and adsorbate mass (mB, mg) for different 
wall roughness – discontinuous injection 
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6.4.5 Adsorption on the Asperities of the Rough Microchannel 
Wall 
The adsorption of the nanoparticles on the asperities of the rough 
microchannel wall is investigated closer in this section. The parameter used 
for the investigation is the mass of the adsorbate that obtained from the 
located at the wall whose value is around maximum. The adsorbate mass is 
measured from the cumulative average of the adsorbate mass on a specific 
simulation time step where the axis symmetry of the microchannel is 
considered properly. The typical trend of the adsorbed mass on the 
roughness asperities is shown in Figure 6.15 (left). The corresponding 
surface for the adsorbate mass is shown in Figure 6.15 (right). Inset I and 
Inset II display the position of the arc length that corresponds to the 
asperities in a larger resolution.  
 
 
 Figure 6.15: The peak of the adsorbate mass distribution of the adsorbate 
for microchannel with ܴ௔= 1 for 0.5 seconds simulation 
 
The adsorbate mass profile is taken from the cumulative of the average 
adsorbate where the maximum value presents on the surface of a 
microchannel with 	ܴௗ௜௠ = 2 (microchannel E) at 0.5 seconds simulation 
time. The arc length is the normalised to the section of interest that 
corresponds to the microchannel roughness illustrated on Figure 6.15 
(right). Inset I in Figure 6.15 (left) shows the corresponding surface 
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between 0 µm to 18 µm, where the profile of the adsorption increases. From 
arc length datum 0 µm to 2 µm, the adsorbate mass increase in steps from 
roughly 11.8x10-11 mg to 12.3 x10-11 mg.  From 2 µm to 6 µm the increase of 
the adsorbate mass reduced, which is from 12.3x10-11 mg to 12.35x10-11 mg. 
2 µm to 6 µm is the location inside the cavity in the asperities measured 
from the centre of the channel. The adsorption happens in this section is the 
least of all. From 6 to 8 µm, the adsorbate mass increases from 12.35 x10-11 
mg to 14.35x10-11 mg. This is the location for the wall closest to the centre of 
the microchannel. In this location, the adsorption is the highest of all. Then 
the trend is repeated with reduce magnitude until the maximum adsorbate 
mass reach at 30 µm. Inset II in Figure 6.15 (left) shows the corresponding 
surface between 30 µm to 48 µm, where the profile of the adsorption 
decreases. From 30 to 32 µm, the adsorbate mass in the system is the 
highest, i.e. 15.8x10-11 mg. it decreases slightly to 15.75x10-11 mg from 32 to 
36 µm. The profile of the adsorbate mass increases slightly to 15.8 x10-11 mg 
from 36 to 38 µm. The profile then it reduced to 15.45 x10-11 mg between 38 
to 40 µm, which is the surface segment that is closest to the internal of the 
microchannel. Segment 40 to 42 µm the profile decreases, and then 
becomes relatively constant between 42 to 46 µm whose segment is the 
furthest from the internal of the microchannel. The profile decrease again 
from 46 to 48 um which located on surface closest to the internal of the 
microchannel. The decrease in adsorption happens in this step continuously 
until the end of the arc length. It seems adsorption increase and decrease 
happen the most on the surface area that is the closest to the internal of the 
microchannel. Inversely, the adsorption happens the least on the surface 
that has the furthest distance from the internal of the microchannel.  
 
6.4.6 Investigation of the Dead End Region in the Microchannel  
The configuration of the asperities in this study is also an analogue for 
a system with dead end regions. As it was observed in section 6.4.4, the 
adsorption happens the most at the roughness surface that closest to the 
inner of the microchannel and the least at the furthest surface. Many studies 
have been conducted to investigate the flow in a grooved microchannel. In 
2002, Stroock et. al. studied a simple analytical description to measure 
transversal flow component at the grooved microchannel surface by 
pressure-driven fluid flow [259]. A few years after, the utilisation of CFD 
modelling using this approach then was started to implement in designing a 
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micromixer [260]. The modification of the groove is later modified to optimize 
the functionality of the micromixer [261-263].   
In this study, the investigation is demonstrated by assessing the 
influence of advection to the concentration transport at the region close to 
the wall asperities. The geometry of the wall asperities is modelled by 
introducing a cavity on the wall channel. The transportation of the particle is 
mainly influenced by the advection because there is no slip between the fluid 
and particles. In this study, the wall roughness is introduced by placing 
“rectangles” of asperities to establish cavities that decrease the inner cross-
section area of the microchannel. The asperities are placed regularly to 
model roughness on the microchannel wall. Detail explanation for the 
geometry is discussed in Section 6.3. There is a dead region between two 
asperities whose concentration flow and adsorption upon it are investigated. 
The dead end region hinders the effect from advection to transport the 
concentration inside. The amplitude of the dead end region is small 
compared to the size of the main channel in this case. In this condition, a 
transverse pressure gradient build up to drive a necessary circulation of the 
fluid in the groove. This discovery confirms the finding report earlier by 
Stroock et.al. [259]. The magnitude of the circulation, however, is weak 
comparing to the magnitude of the fluid movement in the main channel.   
There are streamlines that represent the flow in this region that move 
spaced out. The rainbow colour is the streamlines of the velocity profile, 
which blue is the lowest and red is the highest. The red arrows show the 
direction of the flow velocity. The length of each arrow is not proportional to 
the magnitude since the velocity in dead end is significantly smaller than in 
the bulk. As seen in Figure 6.16, the crenelated structure of the wall 
introduces corner eddies [253] which are separated from the main flow. As 
the amplitude of the surface features is increases, the corner eddies merge 
(see schematic in Figure 6.17) to produce a recirculating region separated 
from the bulk by separating streamline. This is well known from studies of 
cavity flows [264, 265]. Since flow cannot cross a streamline, it is impossible 
to transport the concentration inside the main bulk into the dead end region 
by the advection. This shape induces flow effectively in lateral direction 
without assistance from any external energy sources [262].  Instead, the 
transportation of the particle between the main channel region and the dead 
end region is likely happened due to the diffusion. The particles that are 
‘trapped’ inside the dead end are then be adsorbed on the wall. Some other 
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particles remain in the dead-end due to the velocity vortex and might be 
released back to the inner channel due to the diffusion.  
 
 
a. Velocity magnitude and velocity field (Arrow) 
 
b. Velocity magnitude and the streamlines 
  
c. Velocity field (Arrow) 
 
d. Velocity Field – Streamlines, corner eddy and 
separating stream lines 
Figure 6.16: Velocity magnitude, velocity field, streamlines in one of the 
cavity on the wall in this study. Red arrow is the direction of the flow 
 
 
 
Open Cavity Flow Closed Cavity Flow 
Figure 6.17: Flow schematic for open and cavity flow (Reproduced 
from Plentovich, 1993[264]) 
Corner Eddy 
Separating 
streamline
Separating 
streamlines 
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Figure 6.17 to Figure 6.21 shows the velocity profile and direction that 
occurs in the microchannels A, B, C, D, and Velocity stream lines magnitude 
at the location close to the wall of the smooth microchannel (ࡾࢇ ൌ ૙	μ࢓ ) 
between 5 and 11 µm are shown in Figure 6.18 (left). The velocity at the 
wall is very low and it increases towards the centre of the microchannel. The 
profile of the adsorbate mass on the microchannel wall follows a smooth 
trend and increases upwards.  
 
 
Figure 6.18: Velocity streamlines magnitude at a cavity on the wall (left) and 
the corresponding adsorbate mass (right) for microchannel with ܴ௔ ൌ 0	μ݉ 
Velocity magnitude and streamlines at the cavity that is located 
between 5 and 11 µm for microchannel with ܴ௔ ൌ 0.25	μ݉ is shown in 
Figure 6.19 (left). Small cavity is introduced at the wall where some of the 
streamlines flows into it. It seems that the corners of the cavity are not 
covered by the streamlines. The profile of the adsorbate mass on the wall is 
shown in Figure 6.19 (right) where the profile of the cavity influence the 
distribution. Highest increase for the adsorbate mass presents on the wall 
(2) and (3). However, the amount of adsorbed particles is more on wall (1) 
and (5). The least adsorbate mass increase is on wall (3). 
Velocity streamlines magnitude at the cavity for microchannel with 
ܴ௔ ൌ 0.25	μ݉ is shown in Figure 6.20 (left). The cavity is larger than the 
one in Figure 6.19 (left) and less streamlines observed in it. The profile of 
the adsorbate mass on the cavity wall is shown in Figure 6.20 (right). The 
profile follows the trend previously discussed for the microchannel with  
ܴ௔ ൌ 0.25	μ݉	, however with less adsorption on wall (3).  
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Figure 6.19: Velocity streamlines magnitude at a cavity on the wall (left) and 
the corresponding adsorbate mass (right) for microchannel with 
ܴ௔ ൌ 0.25	μ݉	 
   
Figure 6.20: Velocity magnitude and stream lines at a cavity on the wall 
(left) and the corresponding adsorbate mass (right) for microchannel 
with ܴ௔ ൌ 0.5	μ݉	 
The cavity at the microchannel wall is increased more for D and E 
geometries which is shown in Figure 6.21 and Figure 6.22 respectively for 
ܴ௔ ൌ 0.75	μ݉	 and ܴ௔ ൌ 1	μ݉	. Less streamlines discovered in the cavity and 
less adsorbate distribution on the wall (3). 
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Figure 6.21: Velocity magnitude and stream lines at a cavity on the wall 
(left) and the corresponding adsorbate mass (right) for microchannel 
with	ܴ௔ ൌ 0.75	μ݉ 
 
 
Figure 6.22: Velocity magnitude and stream lines at a cavity on the wall 
(left) and the corresponding adsorbate mass (right) for microchannel 
with ܴ௔ ൌ 1	μ݉ 
The comparison of the adsorbate mass on the cavity wall of the 
microchannel with different roughness is shown in Figure 6.23. It appears 
that alteration in the wall profile influences the distribution of the adsorbate 
mass on the wall. As the cavity becomes larger, less adsorbate is observed 
on the inner wall of the cavity. This finding is in a good agreement with the 
previous investigation that is shown in Figure 6.15. 
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Figure 6.23: Adsorbate mass on the arc-length of the microchannel wall  
6.5 Summary and Conclusion 
This chapter discussed about the study for the effect of the wall 
roughness on the adsorption of the particle in the microchannel system. The 
idea is initiated by the study conducted by Fleming et al (2009a, b and 2010) 
that discover the enhancement of the adsorption of the scale inhibitor on the 
rock surface by injection the kaolinite and organisilane. The substances that 
attached on the rock grains increase the capability of the grain to adsorb the 
injected PPCA. Many studies have been carried out to investigate the 
adsorption on a wall with roughness [254-258]. However, study of the detail 
adsorption profile on the asperities is not yet much visited; hence, this study 
is conducted to contribute in filling this gap. In addition, study for adsorption 
in a dead end region in the microchannel is also visited. 
A model of a 3D axis symmetrical microchannel based on the model 
discussed in chapter 4 is used in the study. A number of regular-shaped of 
squares along the channel wall are introduced to model the surface 
variation. The dimension of each square is then increased to simulate the 
enhancement of the surface area of the channel.  
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The study is focused on the transportation, adsorption, and desorption 
of the particles that is injected along a steady flow inside microchannels with 
different roughness. The transportation, adsorption and desorption of the 
particles is investigated for the continuous and discontinuous injection. The 
trend of the effluent concentration and the adsorbate particle mass and 
concentration is discussed.  
It is observed that the wall surface roughness does not significantly 
affect the movement of the injected concentration front. However, it is 
discovered that the adsorption is positively correlated to the roughness of 
the microchannel. This is shown by the profile of the effluent concentration 
and the adsorbate mass on the wall’s asperities. Focusing at the asperities 
of the channel's wall roughness, the adsorption happen the least at the 
surface that is the furthest from the centre of the microchannel and the 
highest on the surface that is closest from the centre of the microchannel. 
This findings confirms the study conducted by Fleming et al [103, 113] that 
the adsorption on the rock surface can be enhanced by increasing the 
surface are of the wall, e.g. by increasing the roughness of the rock’s wall 
surface. 
It is also found that diffusion is the main driving mechanism to transport 
the particles into the dead end region at the channel. Advection vortex and 
eddies also present at corner of the dead end region that hinders the 
particles to return to the channel after trapped inside the dead end. The 
profile of the cavity that presents on the microchannel wall influences the 
distribution of the adsorbed particle. It is impossible to transport the 
concentration inside the main bulk into the dead end region by the advection 
since flow cannot cross a streamline. This is in agreement with the theory of 
cavity flow [264, 265].  
 
 
 
 Chapter 7  
Study of the Network Model 
7.1 Introduction 
A development of a pore-channel network model based on the study in 
the previous chapters is discussed in this chapter. This study establishes to 
construct an alternative pathway to understand the distribution and 
adsorption-desorption mechanism in microchannel in porous media, where 
the previous studies [104, 117-119, 121] were mostly conducted for a 
macro-scale pore model. 
The pore network is characterized by combination of several basic 
microchannel segments. Several basic microchannel segment 
configurations are developed that can be arranged to construct a more 
complex microchannel network model which represents a porous media. 
The transport, distribution and adsorption/desorption behaviour of an 
injected nanoparticle concentration are investigated.  
 
 
(a) Sample illustration of a typical 2D 
pore channel network 
(b) 2D illustration of physical properties 
solved in the arranged lattices. 
 
Figure 7.1 Illustration of a pore channel network characterisation 
(Reproduced from Zhang et.al, 2011  [266]) 
 
The illustration of a pore-channel network characterisation is shown by 
Figure 7.1. Figure 7.1a shows a sample illustration of a typical 2D pore 
channel network and Figure 7.1b displays the corresponding 2D physical 
properties solved that represent in arranged lattices. These figures are taken 
from a study conducted to capture images of a nano-scale pore channel 
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network [266]. Instead of only capturing the pore channel image, this study 
investigates more thoroughly the transport and distribution of injected 
nanoparticles for each microchannel segment in the lattices. This will 
ultimately allow making a link between the properties in the microchannel 
segment and a more complex and established pore channel network. 
7.2 Aims and Objectives 
The aim is to develop an alternative tool to flexibly create typical 
network of pore channels where the transport and distribution of injected 
nanoparticle concentration within can be investigate. The objective is to 
establish investigation for microchannel segmentation that can be arranged 
flexibly to construct a more complex typical microchannel network model. 
Flow direction, pressure drop, and adsorption behaviour for each 
microchannel segment is also studied. 
7.3 Methodology  
Four simple channel-segment configurations were created in 3x3 units 
lattice with adaptable shapes to establish channel-networks with further 
complexity. In total, there are seven various flow patterns can be modelled in 
these five microchannel configurations. The patterns include flow in (1) a 
straight channel, (2) channel with bend to the left, (3) channel with bend to 
the right, (4) T junction that branches in the middle, (5) T junction that 
branches to the right, (6) T junction that branches to the left, and (7) a cross 
junction. The illustration for these channel segment configurations are 
shown in Figure 7.2.  
The left boundary of each segment is the inlet of each microchannel, 
which inflows are illustrated by arrows with red coloured boundary in Figure 
7.2. The outlet boundaries are the other end(s) of the microchannel 
boundary, which are illustrated according to the end direction of the arrows 
in the figure. In the simulation, the diameter of the microchannel segment 
presents in the lattice is 20 µm, which remains similar as the dimension 
used in Chapter 4, 5, and 6.  
The investigation is conducted for two geometry studies according to 
the magnitude of the corresponding lattice configuration. The first study is 
the preliminary investigation conducted for microchannels segment with 
similar surface area. The difference in size of the lattice is not considered in 
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this study. This preliminary study is to investigate the effect of segment’s 
geometry configuration to the concentration distribution. The second is the 
main study, which is investigation for microchannel segment with similar 
magnitude lattice dimension. This configuration benefits the study because 
the microchannel segment inside the lattice can be arranged easily for 
constructing microchannel network. Each of the channel segments is 
stationed in a 3x3 unit’s lattice that has similar length of magnitude. The 
corresponding length for the lattices is 200x200 µm. The lattice can flexibly 
be arranged with each other at the corresponding boundaries to developing 
any complex microchannel network-model. The illustration of one of the 
possible arrangements for the lattices with similar dimension is displayed in 
Figure 7.3.  
 
   
(1) Straight channel (2) Bend to the left (3) Bend to the right 
   
(4) T-juntion from 
middle 
(5) T-juntion that 
branches to the 
right 
(6) T-juntion that 
branches to the left 
 
 
 
 (7) Cross Junction  
Figure 7.2: Channel geometry with similar adsorption surface area. 
Redlined arrow is indicates the inlet of the channel segment with 3x3 
units lattice magnitude. 
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The segment is initially empty at the beginning of the simulation from 
any nanoparticle concentration. There is also no adsorbate present on the 
microchannel wall. 12500 ppm of particles is introduced at the inlet boundary 
for a fixed time length between 0 and 0.001 seconds. Each simulation is 
conducted for 10 seconds of simulation time. The injected concentration 
follows a constant and developed creeping velocity v=8.08x10-5 m/s that 
satisfies Stokes Law applied in the simulation. The steady creeping flow 
establishes to a constant pressure difference between the inlet and the 
outlet of each segment. This also works in the other way around in the 
study, i.e. constant pressure applied provides a steady creeping flow for the 
microchannel. The simulator is flexible to run either under a constant 
creeping flow or under constant inlet-outlet pressure difference, hence the 
particles concentration distribution and adsorption can be investigated. After 
the injection at concentration Cinj, the inlet concentration is reduced to zero, 
but the flow continues. Diffusion is also considered in the system by 
introducing diffusion coefficient Dp = 1.29x10-5 sm2/s whose value is 
obtained from Equation 3.26.  
 
 
 
 
 
 
 
 
Figure 7.3: Illustration of the lattice arrangement for the study with 
similar lattice magnitude dimension 
 
There are two types of concentration transport mechanisms in the 
system. The first is the concentration movement with the flow of the fluid 
bulk in the microchannel domain. This movement is governed by advection 
and diffusion. The second transport mechanism is the concentration 
movement between the fluid bulk and the channel wall due to concentration 
difference that triggers the adsorption and desorption process. Instead of 
using Langmuir isotherm adsorption [267],  in this study the adsorption and 
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desorption mechanism follows the modified Freundlich isotherm adsorption 
that was derived by Skopp [170]. This method is valid to use in the study 
because the system is in reservoir condition where the temperature is 
constant and the pressure difference between each rock pores is relatively 
low. 
In the study, the profile of the effluent concentration, adsorbate mass 
and adsorbate concentration against the injection volume are investigated. 
The relation between the adsorption with the corresponding pressure-
difference between the inlet and outlet of the segment is also evaluated. The 
amount of the adsorbate for the latter is reflected in the term of adsorbate 
mass of the adsorbent at a certain concentration magnitude (x) per unit 
mass of the adsorbent (m). This parameter follows the Freundlich 
relationship below 
ݔ
݉ ൌ ݇݌
ଵ ௡ൗ  
 
alternatively, in logarithmic form this equation becomes 
 
log ݔ ݉⁄ ൌ log ݇ ൅	1ൗ݊ log ݌ 
 
where ݔ is the weight of the adsorbate by mass of the adsorbent at a certain 
pressure ݌. Therefore, ௫௠ represents the amount of adsorbate by the 
adsorbents per unit mass. ݇ and ݊ are constants at a particular temperature 
and for a particular amount of adsorbate and adsorbent. In this equation, ݊ 
is always greater than one, indicating that the amount of the adsorbate does 
not alter as rapidly as the pressure.  
The illustration of the Freundlich adsorption isotherm is shown in 
Figure 7.4 i.e. plot for the adsorbate against the pressure (Figure 7.4a) and 
the plot log ௫௠	against the log ݌ for the adsorbate (Figure 7.4b). In this study, 
the mass of the adsorbent is unknown. Hence, ௫௠ is approached by the 
adsorbate concentration which magnitude has already considered the 
surface area of the channel segment.  
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a) Plot of the adsorbate against the 
pressure 
b) Plot log x/m against log p for the 
adsorbate 
Figure 7.4:  Freundlich adsorption isotherm 
 
7.4 Microchannel segments with similar surface area 
This section discusses variation of concentration distribution in the 
microchannel segments with similar surface. The surface area of each 
microchannel is fixed i.e. 1.26x10-8 m2. A similar volume of 12500 ppm of 
nanoparticles concentration is injected at the beginning of the simulation 
until 0.001 seconds from the inlet boundary of each segment. The injected 
concentration is transported along a constant creeping flow velocity. The 
velocity for the base case is ݒ௢ ൌ	8.08x10-5 m/s with constant pressure at the 
outlet boundaries, 0 Pa. The simulation for each case is conducted for 10 
seconds. 
Generally, velocity profile of a creeping flow inside a microchannel 
follows a parabolic profile. Parabolic profile means the highest velocity 
presents at the middle of the channel and the least velocity at the region 
close to the wall boundary of the channel. This general profile deviates a 
little from this feature when bends are encountered, as seen in Figure 7.5. 
The base case in the study is the straight channel (A), which velocity follows 
the parabolic profile evenly in the microchannel. In the curved microchannel 
(B) and (C), the velocity parabolic profile is uneven that there is a more 
noticeable section with low velocity at the bend than then section with 
uncurved channel. In the microchannel with the T-junction that branches 
from the middle, the flow is divided evenly to the left and to the right 
direction. A noticeable area with low velocity is observed at the junction of 
the segment (D). In the microchannels with T-junction that branch to the left 
ݔ
݉ 
ݔ
݉ ∝ ݌
ଵ 
ݔ
݉ ∝ ݌
଴ 
݌ 
ݔ
݉ ∝ ݌
ଵ ௡ൗ  
ݏ݈݋݌݁ ∝ 1݊ 
݅݊ݐ݁ݎܿ݁݌ݐ ൌ log ݇ 
log ݌
log ݔ ݉⁄
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and right i.e. segment (E) and (F) respectively, the velocity parabolic profile 
directs to the middle of the junction and divided to the branches. The velocity 
profile in the cross-junctional geometry (G) is dispersed at the middle of the 
junction and the flow is divided into three directions towards the outlets.    
  
A. Straight channel B. Bend to the left 
C. Bend to the right 
 
D. T-juntion that branches 
from middle 
E. T-juntion that branches to 
the left 
F. T-juntion that branches to 
the right 
 
G. Cross Junction 
 
 
Figure 7.5: Contours of velocity magnitude for the microchannel segment 
geometry with similar adsorption surface area 
 
Figure 7.6 shows the pressure distribution for each geometry 
segment. It appears that the number of outlet boundary influences the 
pressure distribution in the segment. The pressure distribution for the 
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straight channel (A), channel with bend to the left (B), and the channel with 
bend the right (C) is equivalent. The pressure distribution for the T-junction 
branch microchannel segments (D, E, and F) is comparable. The pressure 
profile for the cross-junction microchannel segment (G) is slightly different 
from the T-junctions where the pressure drops is higher for the former at the 
location before the junction.  
 
(a) Straight channel (b) Bend to the left (c) Bend to the right 
 
(d) T-juntion that branches 
from middle 
(e) T-juntion that branches to 
the left 
(f) T-juntion that branches 
to the right 
 
(g) Cross Junction 
 
Figure 7.6: Pressure profile for the microchannel segment geometry with 
similar adsorption surface area 
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Figure 7.7 shows the of profile of (a) inlet-outlet pressure difference, 
(b) average effluent concentration, (c) total adsorbate concentration, and the 
(d) total adsorbate mass for the microchannel segment geometry with similar 
adsorption surface area. The profile is taken by averaging the magnitude of 
each parameter for each injection volume over the corresponding area.  
 
(a) Inlet-outlet pressure difference (b) Average effluent concentration 
(c) Adsorbate concentration (d) Adsorbate Mass 
Figure 7.7: The profile of (a) inlet-outlet pressure difference, (b) effluent 
concentration, (c) adsorbate concentration, and the (d) adsorbate mass 
for microchannel segment geometries with similar adsorption surface 
area 
 
In Figure 7.7a, it is observed that the inlet-outlet pressure difference 
for the straight microchannel segment (a) and the segments with one bend 
(b and c) are fairly similar, which is in the magnitude of 0.067 Pa. This value 
is higher than the outlet-inlet pressure difference for segment (d), (e), (f) and 
(g). The inlet-outlet pressure difference segment (d) is 0.034 and for 
segment (e), (f) and (g) is 0.048. Segment (d), (e) and (f) has similar 
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geometry, i.e. the T-junction. However, the inlet for segment (d) is at the 
middle, and the rest is from the other end of the geometry. The pressure 
difference for the segment (e) and (f) is similar to segment (g) although the 
geometry configuration is not similar. 
The profile of the average effluent concentration for different 
microchannel segment geometry is shown in Figure 7.7b. The lowest to the 
maximum average effluent concentration is observed for the straight 
microchannel (line a), then the microchannel segment with cross-junction 
(line g), then the T branch-segments (line d, e, f), and the highest for the 
bended segments (b and c). The trend of the effluent concentration tends to 
be the inverse of the adsorbate concentration and mass, which are shown in 
Figure 7.7c and Figure 7.7d respectively. This observation shows that the 
configuration of the microchannel segment influence the concentration 
transport and adsorption in the microchannel. This is shown by the profile 
variation in the effluent concentration and the adsorbate concentration and 
mass in the system with similar adsorption surface area. 
 
Microchannel segment 
geometry 
Adsorption 
equivalent 
length (µm) 
Inlet-Outlet 
Pressure 
difference 
(Pa) 
Average 
Effluent 
Concentration 
(ppm) 
Average 
Adsorbate 
Concentration 
(mol/m2) 
Average 
Adsorbate 
Mass (mg) 
(A) Straight 400 0.0673 935.21 2.11E-08 1.22E-08 
(B) Bended to the left 400 0.0673 1869.70 2.00E-08 1.15E-08 
(C) Bended to the right 400 0.0673 1869.70 2.00E-08 1.15E-08 
(D) T branches (L/R) 400 0.0340 1847.93 3.00E-08 1.73E-08 
(E) T branches to the left 400 0.0482 1868.79 2.07E-08 1.19E-08 
(F) T branches to the right 400 0.0482 1868.79 2.07E-08 1.19E-08 
(G) Cross Junction 400 0.0482 1850.25 2.48E-08 1.43E-08 
Table 7.1: The magnitude of (a) inlet-outlet pressure difference, (b) average 
effluent concentration, (c) average adsorbate concentration, and the (d) 
average adsorbate mass for the microchannel segment geometry with 
similar adsorption surface area 
 
The detail for the deviation for the inlet-outlet pressure, effluent 
concentration, adsorbate mass and the adsorbate concentration is shown in 
Table 7.1. The values are obtained from similar injected pore volume of 
each microchannel segment when the effluent concentration has reached its 
equilibrium condition. The equilibrium concentration is obtained by 
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investigating the value of ܿ௧	when ሺ௖೟ି௖೟శభሻ௖೟ ൏ 0.001%. In this case, ܿ௧ (ppm) is 
the average effluent concentration at time t. The magnitude of each 
parameter for every microchannel segment is plotted. The inlet-outlet 
pressure difference for each segment is shown in Figure 7.8, the effluent 
concentration for each segment is in Figure 7.9, the adsorbate 
concentration is in Figure 7.10, the adsorbate mass is in Figure 7.11.  
 
 
Figure 7.8: Inlet-Outlet Pressure Difference for different geometry with 
similar total adsorption surface area 
Figure 7.8 shows the plot of the inlet-outlet pressure difference for 
different segment geometry. The pressure difference for the straight 
microchannel (index 1) and the bended microchannel segments (index 2 
and 3) is comparable. The magnitude of the pressure difference of these 
three cases is the highest of all, which means the flow restriction for this 
microchannel segment is the greatest. Particular characteristic for index 1, 2, 
3 is these three has only 1 outlet boundary, and outlet is positioned furthest 
from the inlet boundary. The T-junction microchannel segment (index 4) 
which stream-flow directs from the middle has the least inlet-outlet pressure 
of all. However, the T-junction that stream flows from the other ends (index 5 
and 6) has larger pressure difference than index 4, although the shape of 
the segment is similar. The microchannel with index 4 has a lower pressure 
difference than microchannels with index 5 and 6 because the flow for the 
former is divided 90 degrees into two directions.  The pressure different of 
the cross-junction microchannel (index 7) is comparable with the 
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microchannel with index 5 and 6 although the configuration and the number 
of the outlet boundary are different. This indicates that both the number and 
the position of the outlet from the inlet of the segment configuration influence 
the pressure difference between the inlet and the outlet. 
 
 
Figure 7.9: Effluent concentration for different geometry with similar total 
adsorption surface area 
The comparison for the average effluent concentration of each 
microchannel segment is shown in Figure 7.9. The magnitude of the total 
effluent concentration for index 1 is the lowest of all, i.e. 935.2 ppm. The 
magnitude of the other cases is comparable with a slight low value for the 
index 4.  The comparison of the average adsorbate concentration for each 
microchannel segment is shown in Figure 7.10.  Basically, the difference of 
the average adsorbate concentration of each microchannel segment is 
small. However, the discussion is carried on for further investigation. Here it 
is observed that the adsorbate concentration for T-branched microchannel 
with middle inlet (index 4) is the highest of all, follows by the cross-junction 
segment (index 7), the single straight microchannel (index 1), the T-
branches microchannel whose inlet from the side boundary (index 5 and 6) , 
and the least is the bended microchannel segments (index 2 and 3). The 
correlation between the amount of the adsorption and the geometry 
configuration might affected greatly by the pressure difference and the 
configuration of the corresponding microchannel segments. The adsorption 
is especially high in segment 4 because there is a section of the 
microchannel wall that facing the direction of the flow. Since the surface 
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areas of all microchannel segments are similar, the magnitude of the total 
adsorbate concentration is comparable with the total adsorbate mass which 
is shown in Figure 7.11. Thus, it is deducted that the complexity of the 
microchannel geometry influences the amount of adsorption and does not 
correlate straightforwardly with the amount of the outlets.  
 
 
Figure 7.10: Adsorbate concentration for different geometry with similar total 
adsorption surface area 
 
 
Figure 7.11: Total adsorbate mass for different geometry with similar total 
adsorption surface area 
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7.5 Microchannel segments with similar lattice dimension 
In the case of microchannel with similar lattice dimension, the surface 
area of each microchannel segments is different from one to another. 
Besides using index, each surface area of the microchannel segment is 
represented by the ratio of the corresponding surface area compare to the 
surface area of the straight channel. This is named equivalent surface area 
ratio. The equivalent surface area ratio for the straight channel is 1, for the 
channels with one bend is 0.98, for the T shaped channels is 1.39, and for 
the cross junction channel is 1.82 µm.  
Similar with the case of continuous injection, initially the segments are 
empty from any nanoparticle concentration. 12500 ppm concentration is 
injected for a fixed time length between 0 and 0.001 seconds through the 
inlet boundary into the microchannel along with a constant inlet velocity 
v=8.08x10-5 m/s. Some of the injected concentration is adsorbed to and 
desorbed from the wall of the domain due to concentration difference. The 
outlet of each segment is set for 0 Pa pressure, allowing a constant steady 
state pressure difference and velocity between the inlet and outlet 
boundaries. The simulation in conducted for 10 seconds period. 
The difference of the inlet and the outlet pressure as the result of the 
constant injection velocity for each segment is shown in Figure 7.12. The 
magnitude of the pressure difference is different from one of another. The 
inlet pressure for the straight channel (index a) is the highest i.e. 0.068 Pa. 
The second highest of all is the microchannel with one bend (index b and c), 
i.e. 0.064 Pa. The third highest pressure difference is the microchannel with 
T branches i.e. around 0.048 Pa. There are three segments with T branches 
configuration, i.e. the one that flow begins from the middle section of the 
branch and then divided into two outlets, one that flows branches to the left, 
and the last one is the flows that branches to the right. The inlet pressure 
from the T branch with flow from the middle has slightly less inlet pressure 
than the two others, i.e. 0.047 Pa. The least inlet pressure is observed for 
the microchannel with a cross junction; however the amount of the outlet 
boundary is the most of all. This is interesting to discover that geometry 
index (a), (b), and (c) have larger pressure differences than the rest although 
the formers have less surface area than the latters do. It is then again 
deduced that the number of the outlet boundary affects the pressure 
difference for the microchannel segment.  
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Figure 7.12: The difference of the inlet and the outlet pressure for different 
channel segment geometries with similar channel lattice dimension 
 
The pressure distribution along each microchannel segment is 
displayed in Figure 7.13. The pressure distribution for the segments with 
one outlet is relatively similar. This is shown in Figure 7.13 index (a), (b), 
and (c) where the green colour legend is at the middle of the microchannel is 
used for comparison. The pressure distribution decreases more rapidly as 
the number of the segment's outlet boundary increases. This is shown in 
Figure 7.13 (d), (e), (f), and (g) where the green colour legend moved closer 
to the inlet boundary. 
The distribution of the corresponding flow velocity for each 
microchannel segments is shown by Figure 7.14. The axial velocity in the 
microchannel follows a parabolic distribution, with zero velocity at the wall 
and maximum at the middle of the channel. The low velocity region is shown 
with the blue colour. The low velocity region is also observed at the middle 
part of the branch of the T-junction in Figure 7.14 (d). The low velocity 
region in geometry (e) and (f) is less discovered than in geometry (d). At the 
junction of geometry (d), (e), and (f), the stream is divided into two directions 
with each velocity is half of its initial. In the cross junction (g), the velocity is 
divided into three different flow directions, with velocity magnitude of each 
direction is one-third of the initial magnitude.   
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(a) Straight channel (b) Bend to the left 
(c) Bend to the right 
 
(d) T-juntion that branches 
from the middle 
(e) T-juntion that branches to 
the left 
(f) T-juntion that branches to 
the right 
 
(g) Cross Junction 
 
Figure 7.13: Pressure distribution for different channel segment geometries 
with similar channel lattice dimension 
 
The profile of the effluent concentration for each microchannel 
segment is investigated. Since the nanoparticle is injected discontinuously, 
the effluent concentration also indicates the amount of the particle adsorbed 
on the wall of microchannel segment by subtracting the effluent from the 
initial injected concentration. On the other word, high effluent concentration 
is an indication of low adsorption, and inversely low effluent concentration 
indicates a high magnitude of adsorption. However, this observation will not 
be valid for a continuous concentration injection because eventually the 
effluent concentration will match the inlet concentration when the adsorption 
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and desorption rate balance and the channel is saturated. Thus, the time 
evolution of the inlet and effluent concentration difference is needed to 
deduce the total amount adsorbed.  
 
(a) Straight channel (b) Bend to the left (c) Bend to the right 
 
(d) T-juntion that branches 
from middle 
 
(e) T-juntion that branches to 
the left 
(f) T-juntion that branches 
to the right 
 
(g) Cross Junction 
 
Figure 7.14: Velocity profile for different channel segment geometries with 
similar channel lattice dimension 
 
Figure 7.15 shows the profile of the effluent concentration for each 
microchannel segment. The largest peak of effluent concentration is found 
for the bended segment (b and c), where the magnitude is similar for the 
two. The next highest peak is the channel segment with a cross junction (g). 
The third largest peak of the effluent concentration is all segment with T 
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junctions i.e. microchannel segment with branches from the middle (d), the 
microchannel segment with T junction that branches to the left (e) and also 
right (f). The least effluent concentration is observed at the straight 
microchannel segment (a).  
 
 
Figure 7.15: Effluent concentration for different channel segment 
geometries with similar channel lattice dimension 
 
The decrease of the trend shows the desorption of the particles from 
the channel wall. The decrease profile of the segment with cross-junction (g) 
is however different from the rest of the profile where the concentration is 
still found in the boundary after 4 PV (pore volume) injection. The desorption 
happens during the longest simulation time for the cross-junction segment 
(g). This is indicated by the lowest inclination of the grey line in the Figure 
7.15. This means the geometry complexity of the channel affects the 
desorption in the system. 
The amount of the adsorbate is investigated by observing the trend of 
the adsorbate mass, which is shown in Figure 7.16. The trend shows the 
mass of the adsorbed particles builds up until reaching a constant 
magnitude. The build-up very early showing that the adsorption happens 
promptly after the injection. The profile increase before the flattening shows 
the process for the system reaching its equilibrium condition between the 
adsorption and desorption. The constant profile magnitude of the effluent 
concentration when it reaches plateau shows the condition of equilibrium for 
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the adsorption system where the rate of the adsorption and desorption are 
comparable. The highest magnitude of the adsorbate concentration profile 
observed presents for the cross-junction microchannel (g). This indicates the 
adsorption happen the most at this microchannel segment compared to the 
others. The second largest adsorbate mass plateau belongs to all the 
channels with the T branches (d,e,and f). The lowest adsorption occurs at 
the straight and bended microchannel (a, b, c). It appears the amount of the 
adsorbate mass is proportional to the number of the outlet boundary. Since 
in the study the number of the outlet boundary reflects the magnitude of the 
microchannel's surface area, hence, it is deduced that the amount of 
adsorbate mass is proportional to the magnitude of the surface area of the 
microchannel. 
 
 
Figure 7.16: Adsorbate mass for different channel segment geometries with 
similar channel lattice dimension  
 
The profile of the adsorbate concentration is also investigated which 
is shown in Figure 7.17. The adsorbate concentration for the straight and 
the bended microchannel (a, b, c) have the highest adsorbate concentration. 
The cause for these segments have similar adsorption concentration is 
because of their surface area is comparable. The second largest adsorption 
concentration is observed on the microchannel segments with T-junction (d, 
e, and f). The magnitude of the adsorption for all the T-junction segments 
are also in one alignment, which also happens because each of them has 
similar surface area. The least adsorption concentration is found for the 
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microchannel segments with cross-junction (g). The trend of the adsorbate 
concentration is the inverse of the adsorbate mass profile. This means that 
the alteration of the adsorption mechanism is incomparable with the 
alteration of the dimension of the segments in the study. This condition 
causes the concentration of the adsorbate in the microchannel with less 
surface area is denser than in the microchannel with larger surface area.  
 
 
Figure 7.17: Adsorbate concentration for different channel segment 
geometries with similar channel lattice dimension  
 
Table 7.2 shows the summary for the values of the adsorption 
equivalent ratio, the inlet-outlet pressure difference, the effluent 
concentration, the total adsorbate mass and the adsorbate concentration. 
The first column displays the basic segment geometries used in this study. 
The segment geometries are represented by the geometry index i.e. 
geometry (1) for the straight channel, geometry (2) for the segment which 
bended to the left, geometry (3) for the segment which bended to the right, 
geometry (4) for the T-branch segment which stream flows from the middle, 
geometry (5) for the T-branch segment which stream flows to the left branch, 
geometry (6) for the T-branch segment which stream flows to the right 
branch, and the geometry (7) for the cross junction microchannel segment. 
These basic segment geometries can be combined to create a network of 
pores.  
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Microchannel segment 
geometry 
Adsorption 
surface 
equivalent 
ratio 
Inlet-
Outlet 
Pressure 
difference 
(Pa) 
Effluent 
Concentration 
(ppm) 
Adsorbate 
Mass 
(mg) 
Adsorbate 
Concentration 
(mol/m2) 
(1) Straight 1 0.0673 935.21 2.11E-08 1.22E-08 
(2) Bended to the left 0.98 0.0642 1870.47 2.13E-08 1.19E-08 
(3) Bended to the right 0.98 0.0642 1870.47 2.13E-08 1.19E-08 
(4) T branches from middle 1.39 0.0476 1855.48 1.51E-08 1.68E-08 
(5) T branches to the left 1.39 0.0482 1857.24 1.51E-08 1.68E-08 
(6) T branches to the right 1.39 0.0482 1857.24 1.51E-08 1.68E-08 
(7) Cross Junction 1.82 0.0420 4187.41 1.23E-08 2.37E-08 
Table 7.2: Summary for the similar lattice dimension 
 
The geometries are created based on similar lattice dimension, the 
adsorption equivalent length different from one to the others. The second 
column shows various adsorption surface of each microchannel that is 
indicated by the adsorption surface equivalent dimensionless ratio. This ratio 
is calculated by comparing the surface area of particular segment with the 
base case segment (the straight channel segment). It is observed that there 
are 4 groups of adsorption surface equivalent ratio, which are 1 for the 
straight channel, 0.98 for the channel with one bend, 1.39 for the 
microchannel with T branch, and 1.82 for the microchannel with the cross 
junction. The straight microchannel and the ones with one bend have 
comparable magnitude.  
The third column shows the inlet-outlet pressure difference of each 
corresponding segment. For all segment geometry, these pressure 
differences are measured based on similar inlet velocity and 0 Pa outlet 
pressure. The fourth column shows the total effluent outlet concentration for 
each segment. The fifth column shows the adsorbate mass and the last one 
shows the adsorbate concentration. All data are measured for 4 pore 
volumes to be comparable with the study of the case of similar adsorption 
surface in section 7.3. 
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Figure 7.18: Inlet-Outlet pressure for different channel segment geometries under 
a constant inlet velocity for similar channel lattice dimension 
 
Figure 7.18 shows the plot between the inlet-outlet pressure 
difference and the microchannel segment geometry for a constant inlet 
velocity. The geometry of the segment influences the system’s inlet-outlet 
pressure difference. The highest inlet-outlet pressure presents in the straight 
microchannel. The pressure difference for the bended microchannels is 
slightly lower than the pressure difference in the straight microchannel 
system. The pressures of the microchannels with T branches are lower than 
the straight microchannel. The pressure different for the cross-junction is the 
lowest of all. The variation in the pressure difference is proportionally 
affected by the complexity, the surface area, and the amount of the outlets 
of the microchannel. 
The trend of the final effluent concentration against the geometry 
index is also investigated which results are shown in Figure 7.19. The 
effluent is measured by averaging the magnitude at the outlet boundaries of 
each corresponding microchannel segment when the system reaches 
equilibrium. It is important to recall that the surface area of each segment is 
different, therefore the effluent concentration measured is only shows the 
qualitative value of the adsorption, and might not be comparable in quantity. 
It is observed that the magnitude of the effluent concentration for the straight 
microchannels is the lowest of all, i.e. 935 ppm. On the other hand, the 
effluent concentration observed for the cross junction microchannel is the 
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highest of all, i.e. 4187 ppm. The rest of the microchannel segments have 
comparable effluent concentration, i.e. around 1860 ppm. 
 
 
Figure 7.19: Final effluent outlet concentration for different channel segment 
geometries for similar channel lattice dimension  
 
 
Figure 7.20: Total adsorbate mass for different channel segment geometries 
with similar channel lattice dimension 
 
The plot of the average adsorbate mass for different microchannel 
segment geometry is shown in Figure 7.20. The straight channel and the 
bended channel have approximately similar total adsorbate mass that values 
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are the least of all. The total mass adsorption on T branches is the second 
largest and the total adsorbate mass of the cross-junction microchannel is 
the largest of all. The adsorbate mass is closely related to the surface 
adsorption area of the microchannel. Larger surface are allows more 
particles adsorbed onto the wall. In this study, large adsorbate mass does 
not always indicate a high packed particles on the surface. This is shown in 
Figure 7.21 where the adsorbate concentration of the straight and the 
bended microchannels are the highest of all. The least packed surface is 
observed for the microchannel with T branch that flow injected from the rear 
inlets. The concentration of the adsorbate for the cross junction is less than 
the concentration on the T-branches because the amount of the mass 
adsorbed over per surface area on the latter is lower. 
 
’ 
Figure 7.21: Total adsorbate concentration for different channel segment 
geometries with similar channel lattice dimension 
 
7.6 Finding correlations for the concentration profiles and 
pressure difference for the microchannel segments  
This section investigates if there is any direct connection between the 
inlet-outlet pressure differences and adsorption of the nanoparticle transport 
for the introduced microchannel segment. By correlating the pressure 
difference and the amount of the adsorption for each segment, the end 
boundaries of each segment can be represented as nodes. Each node 
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represents the junction between two microchannel segment that 
accommodates pressure and concentration profile at a specific time. By 
introducing the nodes, establishing a complex microchannel model will be 
more efficient and easier to study.  
In the study the effluent concentration is a function of concentration, 
pressure and time at the inlet and the inlet of the microchannel, it is 
illustrated in  
Figure 7.22 where p is the pressure, c is the concentration and t is 
the time. The illustration uses the geometry of a cylindrical microchannel. 
The effluent concentration ܿଶ is measurable if the pressure of the inlet and 
outlet (݌ଵ, ݌ଶሻ, the inlet concentration (c1) under a specific simulation time (ݐሻ 
are known. In mathematical form, this is written as follows: 
 
ܿଶ ൌ ݂ሺ݌ଵ, ݌ଶ, ܿଵ, ݐ௢, ݐሻ 
 
where index 1 is position 1 and index 2 is position 2. Index o shows the 
initial value. By integrating overtime, the difference between ܿଵ	 and ܿଶ is 
assumed to be the concentration of the adsorbate in the channel. This 
follows the common measurement assumption used in adsorption laboratory 
experiment [268]. The simulation is conducted for the system with finite 
injection. This is because the assumption stated will not be valid for 
continuous concentration injection. In the system with continuous injection, 
the difference between the effluent and the injected concentration will be 
zero once the segment is eventually saturated. It will be impossible to 
correlate the adsorption and the inlet-outlet concentration difference. The 
actual adsorbate concentration (cB) and mass (mB) are also calculated 
based on the method explain in Chapter 3. 
 
 
 
 
 
Figure 7.22: Effluent outlet concentration for different channel segment 
geometries with similar channel lattice. 
݌ଵ, ܿଵ,	ݐ௢	 ݌ଶ, ܿଶ, ݐ	 
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Two types of channel segment configurations are investigated for the 
current study, i.e. (1) the simple straight channel and (2) the single 90 
degrees bended channel. These two were selected because both have the 
comparable adsorption length and similar number of outlet boundary (see 
Table 7.2).  
A certain concentration (cinj) is injected for a fixed period at the 
beginning of the simulation with a steady creeping flow speed vo at the 
boundary of the microchannel. There is no concentration in the 
microchannel or on the microchannel wall at the initial condition of the 
simulation. In the simulation, some of the concentration in the fluid bulk and 
the channel wall experiences the mechanism of adsorption and desorption 
due to a concentration difference between the two locations. After the 
concentration of Cinj is injected, the inlet concentration is reduced to zero, 
but the flow continuous. 
 
Sensitivity Base Multiplier for Sensitivity Study 
Initial inlet concentration ܿ௜௡௝ ൌ 12500 ݌݌݉ 0.5, 1, 2 
Inlet velocity 
(related linearly with the 
pressure difference, dP) 
ݒ௢ ൌ	8.085x10-5 m/s 0.5, 1, 2, 5, 10, and 15 
Table 7.3: Sensitivity study configuration to find correlation for the 
concentration and pressure difference for the microchannel segments 
 
Two sets of sensitivity studies are based on the inlet velocity and the 
inlet concentration are used. The detail configuration of the sensitivity study 
is listed in the Table 7.3. The creeping velocity at the inlet is linearly 
proportional to the inlet-outlet pressure difference present at the 
microchannel.  
A preliminary study to investigate if the inlet-outlet pressure is 
proportional with the injection is conducted. The simulation is carried out for 
a system of single straight microchannel until the equilibrium system is 
achieved. The equilibrium is obtained by investigating the value of ܿ௧	when ሺ௖೟ି௖೟శభሻ
௖೟ ൏ 0.001%. In this case, ܿ௧ (ppm) is the average effluent 
concentration at time t. The simulation is run under different velocities based 
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on the magnitude in Table 7.3. The time length for this condition is 10 
seconds that equals to 4.04 pore volume. The base case for the injection 
concentration is ܿ௜௡௝ ൌ 12500	݌݌݉. Two injection concentration multipliers 
used the sensitivity study, i.e. 0.5 and 2 times the base case. Sensitivity 
study for injection inlet velocity is also conducted. The study hence is 
continued to investigate the trend of the actual adsorbate concentration (cB, 
mol/m2), the actual adsorbate mass (mB, mg), the effluent concentration 
(cA, ppm), and the difference between effluent and the injected 
concentration (dcA, ppm) for different inlet-outlet pressure difference. The 
relation between the inlet-outlet pressure difference and injection velocity for 
various the injected volume is shown in Figure 7.23. The profile is a straight 
line, showing the two are proportional. Therefore, the injection velocity is 
interchangeable with the inlet-outlet pressure difference.  
 
 
Figure 7.23: Effluent outlet concentration for different channel segment 
geometries with similar channel lattice dimension 
 
7.6.1 Concentration profile for single straight microchannel 
segment 
The first study is the simulation that is conducted for the straight 
microchannel segment. Discontinuous nanoparticle injection is utilised to 
correlate the difference between the injected and the effluent concentration 
with the adsorption. At the beginning of the simulation, the segment is empty 
from any nanoparticle concentration. Certain concentration based on the 
values in Table 7.3 is injected for a fixed period from 0 to 0.001 seconds into 
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the microchannel at the beginning of the simulation. Figure 7.24 shows the 
illustration for the flow direction for the straight microchannel segment (left) 
and velocity profile of the system after 10 seconds of the simulation time 
(right).The concentration flow is directed from the inlet boundary which 
indicated by the red arrow on the left figure in Figure 7.24. The velocity 
profile follows the parabolic profile that is in agreement with the investigation 
in the previous section. The amount of the adsorption is investigated by 
evaluating the profile of the mass and the concentration of the adsorbate 
against the simulation time length.  
 
  
Flow Direction Typical Velocity Profile 
Figure 7.24: The illustration for the flow direction for the straight 
microchannel segment (left) and velocity profile of the system after 10 
seconds of the simulation time (right)  
 
The effect of the magnitude of concentration injection on magnitude 
of effluent concentration is investigated. The effluent concentration for 
different inlet injection concentration and velocity is plotted against the 
simulation time. The results displayed in Figure 7.25. The breakthrough of 
the main body of the injected concentration is indicated by the increase of 
the concentration profile in Figure 7.25 (left). The front of each 
concentration bulk reaches the outlet boundary on the same time, which is 
indicated by the starting point of the concentration profile increase. The 
magnitude of the maximum fluid bulk concentration is proportional to the 
injected concentration. For similar injection velocity and similar injection time 
length, the carrier fluid transports more concentration for larger 
concentration injection than the lower one. The peak of the effluent is also 
correlated positively with the injected concentration. The peak for the 
effluent concentration for the base case cinj = 12500 is 50.2 ppm, for cinj = 
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62500 is 25.4 ppm, and for Cinj = 25000 is 93.6 ppm. After reaching the peak 
value, the concentration decreases to minimum. The gradient decrease for 
each case is not comparable. This happens due to the different of the 
concentration magnitude that is injected in the system. High magnitude of 
the injected concentration results the system requires long time for the tail 
profile reaches zero value. This is shown in Figure 7.25 (left) that the green 
profile requires longer time to reach zero value compare to the other profiles. 
 
Effluent concentration for different injection 
concentration 
Effluent concentration for different injection 
velocity 
Figure 7.25: The plot of the effluent concentration against the simulation 
time for different injection concentration (left) and injection velocity 
(right) for the straight microchannel.  
 
Figure 7.25 (right) shows the effluent concentration profile for 
different injection velocities against the injected volume.  It is observed that 
the peak value of the effluent concentration profile is proportional with the 
injection velocity. For vo=8.085x10-5, the peak velocity for v=0.5vo is 35.26 
ppm, for v=vo is 50.2, for v= 2vo is 94.13 ppm, for v= 5vo is 254.3 ppm, for v= 
10vo is 266.8 ppm, and for v= 15vo is 446.9 ppm. Under a no slip condition, 
high injection velocity has more flux that transports more particles from the 
inlet to the outlet more than the system with low injection velocity. In the 
case of low injection velocity, i.e. at v= 0.5vo , the required injection volume 
for the breakthrough is less than the system with larger injection velocity. 
This happens because, in the low injection velocity, the diffusion dominates 
the system more than the advection. Diffusion effect extends the 
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concentration to the region close to the outlet boundary quickly. However, 
the penetration is short due to the nature of the diffusion. The diffusion 
dominancy is reduced as the velocity increases. When the velocity is more 
dominant than the diffusion the effluent concentration measured at the outlet 
boundary is proportional to the velocity magnitude. This shows that there is 
a competition between the effect of the advection and diffusion in the system 
with regards of the concentration transportation. .   
 
 
Figure 7.26: The plot of the effluent concentration against the inlet outlet 
pressure difference for various case of injection concentration 
 
The effluent concentration and the inlet-outlet pressure for all cases 
are plotted in Figure 7.26. It is discovered that the effluent concentration 
varies inversely with the inlet-outlet pressure difference. This result is 
consistent with the investigation of Figure 7.25 because the inlet-outlet 
pressure difference is linearly proportional to the injection velocity. Trend 
lines for each concentration injection case against the inlet-outlet pressure 
difference are established. The trend lines follow power regression profile. 
The regression equation for the effluent concentration for ܿ௜௡௝ ൌ 12500	݌݌݉ 
is ݕ ൌ 443ݔି଴.ଷ଴ଶ with R2=0.9614. The regression equation for ܿ௜௡௝ ൌ 0.5 ∗
12500	݌݌݉ is ݕ ൌ 228ݔି଴.ଶଽ଺ with R2=0.9535. The regression equation for 
ܿ௜௡௝ ൌ 2 ∗ 12500	݌݌݉ is ݕ ൌ 761ݔି଴.ଷଶଽ with R2=0.9798. Comparing to the 
base case of ܿ௜௡௝ ൌ 12500 ppm, the equation multiplier for the ܿ௜௡௝ ൌ 6250 
ppm is roughly 0.5 and for the ܿ௜௡௝ ൌ 25000 ppm is roughly 1.7 times higher 
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than the base case. It is discovered that the equation multiplier is linearly 
correlated with the magnitude of the injected concentration. 
The profile of the adsorbate mass against the simulation time for 
different injection concentration and different injection velocity are shown in 
Figure 7.27 (left) and Figure 7.27 (right) respectively. The amount of the 
adsorbate mass is proportional to the level of the injected concentration. The 
higher the concentration in the system, the more adsorption will happen due 
to the concentration difference between the fluid bulk and the microchannel 
wall. The adsorption is also detected to happen early as the simulation 
started, which is shown by the increase of the profile that happens early at 0 
pore volume.  
 
Mass of the adsorbate for different 
injection concentration 
Mass of the adsorbate for different 
injection velocity 
Figure 7.27: The mass of the adsorbate for different injection concentration 
(left) and velocity (right) for the straight microchannel segment. 
 
The injection velocity influences the adsorption behaviour on the 
microchannel wall. This is shown by the different magnitude of the 
equilibrium adsorbate mass in Figure 7.27 (right). The equilibrium 
adsorbate mass in this figure is shown by the flat mass profile against the 
injected volume. A high magnitude of equilibrium adsorbate mass presents 
for v=15vo i.e. 4.09x10-8 mg, then the equilibrium mass reduced to 2.26x10-8 
mg for v=10vo. The equilibrium mass remain reduces to 8.87x10-9 mg for 
v=5vo and reaches the minimum at 7.3x10-9 for v=2vo. The magnitude of the 
adsorbate mass increase to 1.22x10-8 and 2.69x10-8 for v=vo and v=0.5vo 
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respectively. Is it was discussed previously; there is a competition between 
the diffusion and advection that influence the process of adsorption.  
For the case of high velocity injection, it seems the system requires 
more injection to trigger high adsorption. This is shown by the increase 
profile for the case of v=10vo and v=15vo where the required injection for the 
system reaches the equilibrium is after 1.5 pore volume injection. Therefore, 
it is deduced that the adsorption is more efficient to be happen in an 
environment with low injection velocity. In low velocity, the concentration 
field has longer time to be in contact with the channel wall that enhances the 
possibility for adsorption process.  
The adsorbate mass is plotted against the pressure difference for 
various injection concentrations which is shown in Figure 7.28. There is an 
interesting finding where there is an injection velocity that causes minimum 
adsorption in the system. It seems that the profile of the mass adsorbate is 
difficult to regress, hence more study is needed. 
 
 
Figure 7.28: The plot of the adsorbate mass against the inlet and outlet 
pressure difference for various case of injection concentration 
With similar methodology, the adsorbate concentration is also 
investigated. Since the surface of the microchannel is constant, the trend of 
the adsorbate mass and concentration are comparable. This finding is 
shown in Figure 7.29 which values are taken from the average of the 
adsorbate concentration on the microchannel wall for various injection 
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volumes. The magnitude of the adsorbate concentration is different from the 
profile of the adsorbate mass because the simulation of the adsorbate 
concentration considers the surface area of the system. The adsorbate 
concentration for all cases then is plotted with the inlet-outlet pressure 
difference. The results in detail are shown in Figure 7.30, which again, the 
profile is difficult to regress.  
 
Concentration of the adsorbate for different 
injection concentration 
Concentration of the adsorbate for different 
injection velocity 
Figure 7.29: The plot of the adsorbate concentration against the simulation 
time for the straight microchannel segment 
 
The original Freundlich adsorption methodology proposes to plot the 
amount of adsorbate by the adsorbents per unit mass	ሺݔ ݉⁄ ሻ for the 
investigation. In this study, the ݔ⁄݉  is approached by the amount of 
adsorbate concentration on the microchannel, assuming the adsorption wall 
has a constant mass. The first reason is because the microchannel segment 
is incompressible, and the second reason is the adsorption does not change 
the property of the adsorption wall. The adsorbate concentration (݀ܿܣሻ is 
measured by the difference between the injected concentration and the 
effluent concentration. This approach has a limitation, because ݀ܿܣ 
hypothetically includes both the amount of particles adsorbed and those that 
are still in the fluid bulk due to desorption.   
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Figure 7.30: The plot of the adsorbate concentration against the inlet outlet 
pressure difference for various case of injection concentration 
 
 
Figure 7.31: Freundlich plot of the straight microchannel segment 
 
The adsorbate concentration (݀ܿܣሻ	then is plotted against the inlet-
outlet pressure difference, which is shown in Figure 7.31. Each trend, which 
is based on the magnitude of the injection concentration, is regressed using 
power trend line. The regression equation for the ݀ܿܣ obtained is ݕ ൌ
12121ݔ଴.଴ଶ଴ଽ with ܴଶ ൌ 0.8738 for the base case ܿ௜௡௝ ൌ12500 ppm. The 
regression equation for the case of ܿ௜௡௝ ൌ 6250 ppm is ݕ ൌ 12304ݔ଴.଴ଵ଴ଵ with 
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ܴଶ ൌ 0.8655	and for the case of ܿ௜௡௝ ൌ 25000 ppm is ݕ ൌ 11861ݔ଴.ସଶଷହ  
with	ܴଶ ൌ 0.9129.  
It is discovered that the profile of the effluent concentration ran also 
be related to the inlet-outlet pressure difference which is proportional to the 
injected concentration. However, this discovery does not apply for the profile 
of the adsorption. 
 
7.6.2 Concentration profile for single bended microchannel 
segment 
 
  
Flow Direction Typical Velocity Profile 
Figure 7.32: The illustration for the flow direction for the bended 
microchannel segment (left) and velocity distribution (right) of the 
system after 10 seconds of the simulation time  
 
The second investigation is conducted to investigate the 
concentration profiles and the inlet-outlet pressure difference in a single 
bended microchannel segment. This study is intended to clarify if the 
Freundlich equation behaves similarly as in the straight microchannel 
segment. The adsorption surface equivalent ratio of the bended 
microchannel segment is 0.98. As in the simulation for the straight 
microchannel segment, 12500 ppm of nanoparticle concentration is injected 
for a fixed period 0 to 0.001 seconds along with a constant creeping velocity 
at the beginning of the simulation into the inlet boundary of the bended 
microchannel segment. Some of the concentration is expected to be 
adsorbed onto and desorbed from the microchannel wall. The illustration of 
the flow direction and velocity profile for this simulation is shown in Figure 
7.32.  
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Effluent concentration for different injection 
concentration 
 
Effluent concentration for different injection 
velocity 
Figure 7.33: The illustration for the flow direction for the bended 
microchannel segment (left) and velocity profile of the system after 10 
seconds of the simulation time (right)  
 
The profile of the effluent concentration against the simulation time is 
shown in Figure 7.33. Figure 7.33 (left) shows the effluent concentration 
profile for different injection concentration and Figure 7.33 (right) shows the 
effluent concentration for different injection velocity. It is again observed that 
the magnitude of the effluent concentration is proportional to injection 
concentration as the implication of the mass balance in the system. In 
agreement with the straight microchannel, the effluent concentration is 
proportional with the injection velocity. This happens because higher velocity 
induces more mass flux than in the system with low velocity, transporting 
more particles to the outlet.  
In the case of the system with low injection velocity, the diffusion 
effect is more dominant than the advection (refer to Section 4.6.2.2). 
However, the effect of diffusion for transporting the particle in this bended 
segment is less than in the straight segment; although both cases have 
similar diffusion constant. The diffusion effect to the nanoparticle transport is 
reduced by to the increase of the channel complexity. The increase of 
velocity reduces the diffusion dominancy for the concentration movement, 
transporting larger concentration as the velocity increases. This is shown in 
Figure 7.33 (right) where the highest effluent concentration magnitude 
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belongs to the concentration flow with the highest injection velocity. The 
decrease of the profile correlates to the concentration of the injected 
particles that is still left in the system after the breakthrough. Moreover this 
decrease also indicates the desorption process which happens in the 
system shown by the tail profile that presents after PV=1. Low gradient 
decrease shows low desorption process and vice versa.  
 
 
Figure 7.34: The plot of the effluent concentration against the inlet-outlet 
pressure difference for various case of injection concentration 
 
The effluent concentration for all case is then plotted against the 
corresponding inlet-outlet pressure difference which is shown in Figure 
7.34. The data obtained are grouped according to the magnitude of the 
injection concentration. It is discovered that the effluent concentration is 
inversely correlated to the inlet-outlet pressure difference. The data obtained 
are then regressed using power approximation. The regression equation for 
effluent concentration obtained for ܿ௜௡௝ ൌ12500 ppm is ݕ ൌ 851ݔି଴.ଷଵଷ 
with	ܴଶ ൌ 0.9425. The regression equation for the case of ܿ௜௡௝ ൌ 6250 ppm is 
436ݔି଴.ଷ଴଼ with ܴଶ ൌ 0.9396		and for the case of ܿ௜௡௝ ൌ 25000 ppm is 
1483ݔି଴.ଷଷସ	both with 	ܴଶ ൌ 0.9502. Comparing to the base case of ܿ௜௡௝ ൌ 
12500 ppm, the equation multiplier for the ܿ௜௡௝ ൌ 6250 ppm is 0.5 and for the 
ܿ௜௡௝ ൌ 25000 ppm is 1.7 times higher than the base case. These values are 
surprisingly similar as the case of the single straight microchannel segment. 
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Mass of the adsorbate for different injection 
concentration 
Mass of the adsorbate for different injection 
velocity 
Figure 7.35: Adsorbate mass against the injection volume for various 
injection concentration (left) and injection velocity (right)  
 
Mass of the adsorbate that presents on the microchannel wall for 
different injection concentration and velocity are shown in Figure 7.35 (left) 
and Figure 7.35 (right) respectively. The profiles of the adsorbate mass 
observed have a good agreement with the trend in the case of the straight 
microchannel segment. The magnitude of the adsorbate mass is 
proportional to the magnitude of the injected concentration that is shown in 
Figure 7.35 (left). Figure 7.35 (right) shows the injection velocity is 
inversely correlated with the adsorption process. The injection velocity 
influences the magnitude of the adsorbate mass. The difference in the 
profile increase indicates that higher velocity may be able to enhance the 
adsorption; however, the amount of injected fluid is also has to be increased. 
This shows the adsorption in high velocity environment is not as efficient as 
the adsorption in low velocity environment. The injected concentration has 
more abundant time to undergo the adsorption process on the microchannel 
wall in the environment with low velocity.  
The adsorbate mass for all cases are plotted against the inlet-outlet 
pressure difference in Figure 7.36. The adsorbate mass correlates with the 
inlet-outlet pressure difference, where the magnitude decreases as the 
pressure difference increase. After some point, the magnitude of the 
adsorbate mass as the pressure difference increase. There is a minimum 
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mass adsorbate for the inlet-outlet pressure difference introduced, however 
it appears no obvious relation is seen. 
 
 
Figure 7.36: Adsorbate mass against the inlet-outlet pressure difference for 
various injection concentrations 
The adsorbate concentration against simulation time for various 
injection concentrations and simulation time is shown in Figure 7.37 (left) 
and Figure 7.37 (right) respectively. Since the surface area of the 
microchannel is constant, the trend of the adsorbate concentration is 
comparable to the adsorbate mass which is discussed previously. The 
concentration of the adsorbate is proportional to the injected concentration. 
In correlation with the injection velocity, there is velocity that results 
minimum adsorption concentration. It is observable from Figure 7.38 where 
the regression is difficult to obtain. 
Finally, the Freundlich plot for ݔ⁄݉ 	against the pressure difference for 
this study is established.  ݔ⁄݉  which represents the amount of adsorbate by 
the adsorbents per unit mass is denoted by the difference between the 
injected concentration and the effluent concentration. The pressure 
difference is denoted by the inlet-outlet pressure difference of the 
corresponding microchannel. Three equations based on three various 
injection concentrations are obtained using power regression approximation. 
The regression equation for the data obtained for ܿ௜௡௝ ൌ12500 ppm is 
ݕ ൌ 11795ݔ଴,଴ସହ଼ with	ܴଶ ൌ 0.8687. The regression equation for the case of 
ܿ௜௡௝ ൌ 6250 ppm is 12132ݔ଴,଴ଶଵଷ with ܴଶ ൌ 0.8675	and for the case of ܿ௜௡௝ ൌ 
25000 ppm is 11331ݔ଴.଴ଽଽହ	both with 		ܴଶ ൌ 0.892. The detail is shown in 
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Figure 7.39. The regression equation is found to be similar to the equation 
obtained from the single straight microchannel. 
 
Adsorbate concentration for different injection 
concentration 
Adsorbate concentration for different injection 
velocity 
Figure 7.37: The plot of the adsorbate concentration against the inlet-outlet 
pressure difference for various case of injection concentration 
 
 
Figure 7.38: The plot of the adsorbate concentration against the inlet-outlet 
pressure difference for various case of injection concentration 
 
It is again discovered that the equation multiplier for the effluent 
concentration is positively correlated proportionally to the multiplier of the 
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injected concentration. It is not the case with the adsorbate mass and the 
adsorbate concentration. This seems to occur because the concentration 
inside the microchannel, which is dispersed in the fluid bulk and not 
adsorbed on the microchannel wall, is not considered in the equation. 
 
 
Figure 7.39: Freundlich plot of the bended microchannel segment 
 
Correlation of the inlet-outlet pressure (dP) and the outlet effluent 
concentration (cA, ppm) and the inlet-outlet concentration difference (dcA, 
ppm) are obtained. The correlation is obtained by regressing the 
corresponding concentration magnitude with the microchannel's inlet-outlet 
pressure difference. The trend follows the power correlation which in 
agreement with the Freundlich adsorption isotherm. However, the correlation 
for the adsorbate concentration (cB, mol/m2) and the adsorbate mass (mB, 
mg) is difficult to establish. The reason is because the mechanism of the 
adsorption and desorption is sensitive to the condition in the system, i.e. the 
concentration difference and the velocity that affect the adsorption process.  
 Diffusion and advection contribute significant influence to the 
adsorption process. In low velocity, the diffusion is more dominant than the 
advection. In a straight microchannel segment, diffusion is able to transport 
the concentration quite rapidly to the outlet boundary. This happens because 
the distance between the outlet and the inlet is not far. However, this does 
not happen for the microchannel system with larger longitudinal dimension 
and higher complexity. Adequate magnitude of advection is needed to 
transport similar concentration from the inlet to the outlet for long 
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microchannel. The adsorption in an environment with diffusion dominancy 
happens more efficiently than in the environment with advection dominancy. 
The adsorption in an environment with high advection can be enhance by 
injecting plenty amount of fluid into the system more than it is required in the 
case with diffusion dominancy. 
7.7 Network model 
A two-dimensional microchannel network model can be established 
using the four microchannel segment configurations, which previously 
introduced in Chapter 7.2. The four microchannel configurations include 
single straight microchannel, single bended microchannel, T-junction 
microchannel and a cross-junction microchannel. The microchannel 
segments can be coupled with one another flexibly to create a complex pore 
channel network. 
 
 
a. Network of nodes and lines b.  Network nodes applied for a complex 
microchannel in the simulation 
Figure 7.40: Network model from nodes and lines (a) to an established 
complex microchannel (b).  
As an example, a network which consists of nodes and lines which is 
illustrated in Figure 7.40a is established. In this study, channel segments 
with similar lattice dimension are utilised. Initially there is no concentration in 
the microchannel system. A certain concentration is injected at the 
beginning of the simulation from the inlet boundary of the network, which is 
subjected to flow inside the network towards the outlet boundary. 
Mechanisms of adsorption and desorption between the concentration in the 
fluid bulk and the microchannel wall are expected due to a concentration 
difference between the fluid bulk and the wall. Symmetry axis is also applied 
on the top and bottom of the network. Applying the nodes and lines 
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configuration in the simulation results in fully developed microchannel 
network geometry as it is shown in Figure 7.40b. 
In this study, 12500 ppm of nanoparticles concentration is injected for 
a fixed period at the beginning of the simulation with a constant creeping 
velocity of ݒ௢ ൌ	8.08x10-5 m/s into the inlet boundary of the 20 µm diameter 
microchannel network. The outlet pressure of the microchannel network is 
set to be 0 Pa. Some of the particles in the concentration are expected to be 
adsorbed to and desorbed from the wall of the microchannel. By conducting 
the simulation, the effluent concentration and the adsorbate mass and 
concentration are measured. The simulation is conducted in three different 
velocities for the sensitivity study. vo= 8.08x10-5 m/s is the velocity base 
case and the two others are 0.5 and 2 times of the base case. 
 
(a) Velocity profile distribution  (b) Pressure profile distribution 
Figure 7.41: Velocity and pressure profile distribution in the network applied 
in the simulation  
The typical 2D steady velocity and pressure profile distribution of the 
system is shown in Figure 7.41a and Figure 7.41b respectively. The 2D 
profile shown is only for the base case. The velocity magnitude is the 
highest at the inlet and the outlet boundary, and it is reduced in the 
microchannel with junctions. As the result of the introduced injection velocity, 
the highest pressure is observed in the inlet boundary, i.e. 0.22 Pa, and then 
is decreased smoothly until 0 Pa at the outlet. The pressure distribution in 
the branches between the inlet and the outlet follows the pressure gradient 
of the system consistently.   
The inlet-outlet pressure difference of the system for various injection 
velocity against the time and the injected volume are shown in Figure 7.42a 
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and Figure 7.42b respectively. It is observed that the inlet-outlet pressure 
profile is steady for all time and all injection volume where the magnitude of 
the pressure difference is proportional with the injection velocity. 
 
 
(a) Inlet-Outlet Pressure Difference vs Simulation 
Time 
 
(b) Inlet-Outlet Pressure Difference vs Injected 
Volume 
Figure 7.42:  Typical inlet-outlet difference profile of the microchannel 
network system 
The average effluent concentration of the system for different 
injection velocity against the time and the injected volume are shown in 
Figure 7.43a and Figure 7.43b respectively. The breakthrough time 
indicates by starting point of the profile increase in Figure 7.43a. The 
magnitude of the breakthrough time varies inversely to the injection velocity. 
On the other hand, the peak magnitude of the effluent concentration is 
proportional to the injection velocity. This proportionality is also discovered in 
Figure 7.43b.  
The amount of required injection volume is also observed from 
Figure 7.43b. Microchannel with low injection velocity needs slightly less 
nanoparticle injection volume to reach the outlet for a particular time 
compare to the case with higher injection velocity. As it was discussed 
previously in Chapter 4, the diffusion is more dominant to transport that 
disperses the injected concentration especially in a fairly short distance. The 
diffusion also enhances the adsorption by allowing the injected 
concentration to be in contact with the wall surface, where some bend 
surfaces might be bypassed in the case of larger advection.  
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(a) Average Effluent Concentration vs 
Simulation Time 
(b) Average Effluent Concentration vs Simulation 
Time 
Figure 7.43: Typical inlet-outlet difference profile of the microchannel 
network system 
 
Less magnitude in the effluent concentration profile indicates larger 
adsorption on the microchannel wall. The profile of the adsorbate mass of 
the system for different injection velocity against the time and the injected 
volume are shown in Figure 7.44a and Figure 7.44b respectively. It is 
observed from Figure 7.44a that the adsorption approximately happens 
instantly from the beginning of the simulation. The magnitude of the 
adsorbate mass is also varies inversely to the injection velocity. In Figure 
7.44b, it is observed that the equilibrium adsorbate mass is achieved 
approximately around 1 pore volume, where the front of the main 
concentration bulk has transported through the outlet boundary. The surface 
area of the microchannel network is similar for all cases since the simulation 
is conducted in a similar geometry. This makes the trend of the adsorbate 
concentration is similar than the trend of the adsorbate. The profile of the 
adsorbate concentration of the system for different injection velocity against 
the time and the injected volume are shown in Figure 7.44c and Figure 
7.44d respectively 
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(a) Average Adsorbate Mass vs Simulation Time (b) Average Adsorbate Mass vs Injected 
Volume 
(c) Average Adsorbate Concentration vs 
Simulation Time 
(d) Average Adsorbate Concentration Mass vs 
Injected Volume 
Figure 7.44: Typical adsorbate mass and concentration profile of the 
microchannel network system 
7.8 Summary and Conclusion 
A development of a microchannel network model has been established 
by combining a few preconfigured microchannel segments. The study 
conducted contributes in creating a flexible simulation tool to create a 
complex microchannel network model that established from arranging a set 
of basic microchannel segments that transport where the distribution of 
injected nanoparticles within can be investigated. This study establishes an 
alternative conduit to understand the distribution and adsorption-desorption 
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in porous media, where the previous studies were mostly conducted for 
macro-scale pore models. 
There are four types of microchannel segments, which are straight 
microchannel, bended microchannel, T-junction microchannel and cross-
junction microchannel. These microchannel segments can flexibly be 
coupled with one another to form complex two dimensional microchannel 
network models. 
The concentration distribution and the adsorption/desorption in the 
microchannel segment is investigated. The first investigation is conducted 
for microchannel segments with similar surface area. The investigation is 
intended to investigate the effect of the channel configuration to the 
concentration propagation and adsorption/desorption process. The second 
investigation is carried out for microchannel segments with similar channel 
lattice dimension. Similar channel lattice dimension means that the 
microchannel segment is configured as a piece of puzzle that can be 
arranged flexibly to establish a complex microchannel network model. The 
investigation is subjected for a discontinuous concentration injection to study 
the behaviour of the injected concentration in the system. 
In the case of similar microchannel surface area, it is discovered that 
the number of the outlet boundary, the position of the outlet boundary, and 
the segment configuration influence the microchannel’s inlet-outlet pressure 
difference. It is discovered that the amount of the adsorption is affected 
more sensitively by the complexity of the microchannel geometry and does 
not correlate straightforwardly to the amount of the outlets. 
In the case of similar lattice dimension, it is again discovered that 
pressure difference is proportional to the microchannel complexity, the 
surface area, and the number of the outlet boundary. It is also discovered 
that the adsorption has a positive correlation with the magnitude of the 
microchannel surface area. The number of outlet boundary also affects the 
pressure profile in the segment. Investigating the profile of the pressure 
distribution in the microchannel, the magnitude of the pressure profile 
decreases more rapidly towards the outlets as the number of the segment's 
outlet boundary increases.  
Correlations between segment’s inlet-outlet pressure and the 
adsorbate concentration are investigated using regression method. The 
trend follows the power correlation which in agreement with the Freundlich 
adsorption isotherm. However, the correlation for the adsorbate 
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concentration and the adsorbate mass is difficult to establish. The reason is 
because the mechanism of the adsorption and desorption is sensitive to the 
condition in the system, i.e. the concentration difference and the velocity.  
Diffusion and advection influence the adsorption process significantly. 
The effect of diffusion is more dominant to the system than the advection in 
an environment with low velocity. The adsorption happens more efficiently in 
an environment with diffusion dominancy than in the environment with 
advection dominancy. The adsorption in an environment with high advection 
can be enhanced by injecting plenty amount of fluid into the system more 
than it is required in the case with diffusion dominancy.  
Finally, an example of successful establishment of a typical 
microchannel network model by arranging the microchannel segments is 
presented. Pressure distribution, profiles of effluent concentration, adsorbate 
mass and concentration are investigated whose results are in accordance 
with the previous investigation steps in this thesis. 
 Chapter 8  
Summary and Conclusions 
8.1 Assessment and Research Objectives 
The primary research motivation, aims and objectives were 
highlighted in Sections 1.2 and 1.3 (Chapter 1). The overall aims of this 
research are to establish an understanding of nanoparticles penetration into 
rock pores that considers the adsorption/desorption mechanism, dispersion 
behaviour, spatial distributions and residence times. 
Because of this research, a novel development of a simulator is 
proposed that can model the flow, distribution, and adsorption/desorption of 
diluted nanoparticle inside a microchannel and microchannel network. 
In this section, the research objectives are revisited and their 
influences on the results obtained in this work are evaluated as follows: 
1. To develop a simulator that can model the flow, distribution, and 
adsorption/desorption of diluted nanoparticle inside a simple 
microchannel, key assumptions and governing equation used in 
developing the simulator for the concentration distribution in a 
microchannel which is discussed in Chapter 3. The fluid flow in the 
microchannel follows a creeping flow that is considered as a steady flow. 
The fluid flow is coupled with a concentration flow that is representing 
the nanoparticles transport in microchannel system. Nanoparticles in the 
fluid are represented by concentration because of the nature of the 
nanoparticle’s small dimension. Adsorption and desorption mechanism 
occurs at the wall boundary of the microchannel that follows Freundlich 
adsorption isotherm. The Langmuir was also considered, however it 
cannot reproduce results obtained by the laboratory results that were 
used for validation. Finite Element Analysis (FEA) is used as the tool for 
the simulation. 
2. To validate the simulation using experimental results, the methodology 
discussed in Chapter 3 is applied to reproduce results from an 
experiment that is discussed in the early section of Chapter 4. The 
simulator is used to model a core flood experimental for an injection of a 
PPCA concentration in a scale squeeze treatment that was conducted 
by Zhang et. al [221]. The effluent and adsorbate concentration from the 
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experiment from preflush and post-flush stage of PPCA concentration 
injection from the experiment are used for the validation. The behaviour 
of the PPCA concentration in the microchannel is assumed parallel with 
the behaviour of an injected nanoparticle concentration because both 
substances are treated as diluted concentration in the carrier fluid. Refer 
to Chapter 3, the flow channel in the core sample is converted into 
geometry of a single microchannel. The core is assumed to consist of 
small and identical parallel microchannels. One of the parallel 
microchannels is selected as the domain for the investigation. The 
length of the microchannel is similar to the length of the core in the 
experiment. The diameter of the microchannel follows the average pore 
diameter of typical Clashach sandstone. Both Langmuir and Freundlich 
adsorption isotherm method are investigated to establish a set of 
equations that fits the results from the experiment. 
3. To investigate the distribution of nanoparticles in a single straight 
microchannel, section 4.6 in Chapter 4 is established. This section 
discusses the distribution of the nanoparticles in a straight microchannel 
for various injection velocities. In the simulation, all the method and 
parameters used in the validation remains similar, except the length of 
the microchannel, which is taken 10 times of its diameter. Taking shorter 
microchannel geometry for the modelling benefits the simulation time 
length greatly. The simulator is prepared for two geometry 
configurations, i.e. 2D geometry and 3D axis symmetric geometry. 2D 
geometry benefits to model microchannel with longitudinal variations, 
e.g. tortuous microchannel and 2D microchannel network model. On the 
other hand, 3D axis symmetric geometry is more representative than the 
latter to the actual sense of a cylindrical pore channel. The latter 
geometry is used to model concentration distribution in microchannel 
with various wall roughnesses. The detail for the validation is discussed 
in section 4.5. Sensitivity study for various injection velocities in the 
simulation is discussed in section 4.6. The simulation is conducted for a 
continuous and discontinuous concentration injection under five different 
injection velocities. The effect of diffusion to the concentration transport 
and adsorption/desorption process are also discussed in this section. 
4. To investigate the distribution of nanoparticles in a single tortuous 
microchannel, Chapter 5 discusses the simulation of injected 
concentration distribution and adsorption/desorption in a single tortuous 
microchannel. The nanoparticles are again treated as diluted 
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concentration and the approach used in Chapter 4 is utilised. The 
simulations are conducted for seven microchannel geometry models 
with different tortuosity discussed in this chapter. The investigation 
covers tortuous microchannels with identical length and for 
microchannel with similar inlet-outlet distance, i.e. in section 5.4 and 5.5 
respectively. For both investigations, the simulations are conducted for 
continuous and discontinuous concentration injection.  
5. To investigate the distribution of nanoparticles in a single rough surface 
microchannel, Chapter 6 is established. This chapter discusses the 
simulation of a concentration injection in a single rough-walled 
microchannel. 3D axis symmetric geometry is used and sensitivity study 
for five different magnitudes of wall roughness is conducted. In this 
chapter, the roughness of the wall is an analogue of the alteration of the 
wall surface due to a significant attachment or desorption of a substance 
onto it. Therefore, the increase of the wall roughness reduces the 
internal volume of the microchannel, but increases the surface area. The 
effect of the microchannel wall roughness to the concentration 
distribution and adsorption is discussed in section 6.4. The adsorptions 
on the roughness asperities and in the dead end region of the 
microchannel are investigated in 6.4.2 and 6.4.3 respectively. In the end 
of this chapter, the effect of the wall roughness increase to the 
adsorption/desorption governing equation is discussed. 
To investigate the distribution of nanoparticles in a complex 
microchannel network, the development of a model that represents pore 
channel network is discussed in Chapter 7. Four basic microchannel 
segments that situated in 3x3 units lattice element were developed that 
can be arranged flexibly to institute a more complex microchannel 
network. Two assessments were conducted, i.e. for segment geometries 
with similar surface area (Section 7.4) and for the segment geometry 
with similar lattice dimension (Section 7.5). The former is used for 
comparing the concentration distribution for each segment. The latter is 
used as the basic for establishing flexible arrangement of complex 
microchannel networks. The governing equations and assumptions for 
the particle transport and the adsorption/desorption mechanism that are 
discussed in Chapter 3 and Chapter 4 are used in the development. The 
concentration behaviour in each microchannel segment is investigated. 
An effort to find a direct correlation between the concentration behaviour 
and the inlet-outlet pressure difference of the segment with different 
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geometry configuration is discussed in 7.6. Finally, the simulation in a 
typical complex network model that is built based on the pre-established 
microchannel segments is discussed in section 7.6. This chapter shows 
that the simulator developed in this thesis is an alternative tool to model 
and understand the distribution and adsorption-desorption in 
microchannel in porous media, where the previous studies were mostly 
conducted for a macro-scale porous media model. 
 
8.2 Conclusions 
As the first step to gain fundamental understanding of nanoparticle 
transport and distribution in porous media, this research has successfully 
demonstrated a development of a simulator to model distribution and 
adsorption/desorption of an injection concentration in microchannel. The 
conclusions of this research are summarized in this section. 
Adsorption and desorption is endorsed by concentration difference 
between the bulk fluid and the microchannel wall. In the case with less 
advection effect, diffusion effect disperses the particles more evenly 
throughout the microchannel domain and promotes adsorption process. 
However, the penetration coverage for the particle will not be noteworthy in 
this case, especially for a long and complicated microchannel configuration. 
The adsorption in an environment with large magnitude of advection is 
enhanced by injecting more plenty amount of injected particles into the 
system than it is required for the case where the effect of diffusion is more 
superior. On the other hand the desorption happens more efficiently in the 
case with higher effect of advection. Therefore, the system should undergo 
under a low advection effect to reduce the desorption occurrence.  
The geometry of the microchannel also affects the adsorption 
process. The injected nanoparticles transport more easily in microchannels 
with simple configuration. The injection time and volume to reach 
adsorption-desorption equilibrium condition is proportional with the 
magnitude of microchannel curvature (tortuosity). However, the density of 
the adsorption distribution in this type of microchannel is less uniform. This 
is shown by the profile of the average adsorbate concentration at the 
bended microchannel wall that tends to be less than its surrounding. Bends 
in the microchannel reduces sweep efficiency between the bended walls and 
the nanoparticles in the concentration bulk. This happens because of the 
effect of eddies at the bends of the microchannel hinders the particles at the 
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surrounding area to be in touch with the bended walls. However, the 
average mass of the adsorbate is positively correlated with the microchannel 
tortuosity. The equilibrium adsorbate mass is typically greater as the 
tortuosity increases. The trend of the escalation is relatively linear for higher 
injection velocity, but altered exponentially as the injection velocity reduces. 
There are two reasons for this. The first one, the microchannel with higher 
tortuosity has wider surface area, allowing more mass adsorbed on to it. The 
second one, the bends happens in the system provides surfaces that facing 
towards the direction of the concentration flow. This condition enhances the 
contact between the nanoparticles concentration and the microchannel wall, 
which as well, enhances the adsorption in the system.  
The effect of tortuosity to the adsorption process is more significant 
for lower injection velocity. In this case, the effect of tortuosity is more 
dominant than the advection. However, the effect of advection kinetic 
contributes more dominant effects to the adsorption than the tortuosity in the 
case with high injection velocity. This is shown by a comparable adsorption 
magnitude in various tortuous microchannels for a similar high injection 
velocity. Therefore, injection velocity should be high to enhance the 
distribution and the adsorption of the injected nanoparticle in a tortuous 
porous media. However, the tortuosity magnitude has a negative correlation 
with the desorption rate. Desorption happens less efficiently in a 
microchannel with more complex longitudinal configuration.  
It is discovered that the roughness of the microchannel wall does not 
contribute any significant effect to the overall transport of the particle 
concentration in the microchannel. However, the adsorption process on the 
rough wall is proportional to its roughness magnitude.  
Focusing at the asperities of the channel's wall roughness, the 
adsorption happen the least at the surface, which is the furthest from the 
channel centre, and the highest surface that closest to the inner channel 
centre. It is found that diffusion is the main driving mechanism to transport 
the particles into the dead end region at the channel between two asperities. 
Advection vortex also presents in the dead end region that hinders the 
particles to return to the channel after trapped inside the dead end. 
An effort to establish a direct correlation between the wall roughness 
alteration and the adsorption has been conducted. However, the adsorption 
alteration due to the wall roughness increase is not comparable for both 
continuous and discontinuous injection. Therefore a relation between the 
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adsorption desorption mechanism, as a function of the microchannel wall 
roughness cannot be established. 
 Finally, a study to establish a model to simulate the distribution, 
adsorption and desorption process of injected particles into a complex 
microchannel is conducted. A set of microchannel segments with for 
different shape is prepared, including a straight microchannel, a bended 
microchannel, a T-junctional microchannel, and a cross-junctional 
microchannel. Each segment is situated on a 3x3-units square lattice. The 
study is conducted for two cases, i.e. segment with similar surface area and 
segments with similar lattice dimension. The former is used to investigate 
the distribution and adsorption/desorption contrast of the injected 
nanoparticle for different segment. The latter is used to arranging complex 
microchannel model because each of the segments can flexibly be coupled 
with one another to creating a complex two dimensional microchannel 
network model. 
Initially, the pressure difference for each segment is investigated. 
Instead of only by the average distance between the inlet and the outlet, it is 
found that the number of the outlet boundary and the complexity of the 
segment configuration influence the microchannel’s inlet-outlet pressure 
difference. However, the relation is not easily established because the 
mechanism also considers the direction of the flow inside each 
microchannel. Second, the adsorption magnitude is considered. It is found 
that the adsorption is influenced by the complexity of the microchannel 
geometry. However, his adsorption does not correlate straightforwardly to 
the amount of the outlets. 
By regression method, correlations to relate the inlet-outlet pressure 
difference and the effluent concentration are established. The trend follows 
power regression trend which in agreement with the Freundlich adsorption 
isotherm. However, a specific correlation for the cases is difficult to 
establish. The reason is because the mechanism of the adsorption and 
desorption is complex, sensitive to the concentration contrast and requires 
to include effect of advection and diffusion in the mechanism. 
Finally, a two dimensional simulation for a typical microchannel 
network model is established from a combination of the preconfigured 
microchannel segments formerly discussed. Pressure distribution, profiles of 
effluent concentration, adsorbate mass and concentration are investigated 
that results satisfy the ones acquired from the previous investigation steps 
conducted in this thesis. Ultimately, the simulator developed in this thesis 
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can be an alternative tool to model and simulate the distribution, adsorption, 
and desorption of injected nanoparticles in microchannel; where the 
previous studies were mostly conducted for a macro-scale porous media 
model. 
Hence, this thesis proposes a framework of simulation methodology 
of modelling and studying nanoparticle transport and surface phenomenon 
in various microchannel geometry. The framework utilises simple but detail 
approach to simulate transport and surface phenomenon mechanism which 
process and results can be easily investigated. Moreover, the surface 
phenomenon mechanism used in this study can be altered to study other 
mechanisms, e.g. corrosion, hydrate deposition, etc., by only changing its 
governing equations and fluid properties. The microchannel domain is able 
to scale up into a more complex configuration.  
Nevertheless, the selection of data and governing equations shown in 
this thesis is mostly specific for the case being discussed, i.e. transport of 
chemically inactive nanoparticles with that utilising Freundlich isothermal 
adsorption and desorption mechanism. The system is no slip,  
incompressible, no reaction between the nanoparticles in the concentration, 
no process of agglomeration and/or repulsion between the nanoparticles, 
and pH effect is neglected. If these assumptions are not used, the simulator 
is adaptable for the inclusion of more equations that satisfy the condition 
required. However, the current simulation has already required a high 
specification computer. Hence, the inclusion of more equations or scale up 
of the system domain demands higher computer specification. With the 
flexibility offered within the framework, the simulation is able to use for 
broader application for modelling any transport and surface phenomenon in 
microchannel instead of only for oil and gas industry, e.g. corrosion 
modelling in pipe, fluid flow in blood vein, medicine distribution in human 
body, etc.  
8.3 Future Work 
Further research is recommended to extend this work and to focus on 
the improvements of simulator. These improvements are based on 
evaluation and exploration of the current limitations of the simulator. These 
will lead towards the development of a better simulator. The future work 
could address the issues as follows: 
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1. The adsorption/desorption equation that is used in the microchannel 
model is derived from an experimental result from a core. PPA injected 
concentration is also used as an analogue of injected nanoparticle 
concentration injection. Experimental work including nanoparticle 
injection in single and network microchannel model is required to obtain 
validation that is more precise.  
2. Single phase and incompressible water is the fluid used in the current 
model. Applying different ratios of oil, gas, water and other type of fluid 
in current model is possible. 
3. A major limitation of the design methodology presented in this research 
is that it does not utilise an optimisation technique for studying the 
injection velocity and injection concentration to maximize the penetration 
distance and adsorption of the injected concentration. Therefore, there is 
a real need to use an optimisation technique for the simulation design. 
The simulation is versatile to use for developing a complex microchannel 
network. However, required computer resource corresponds to the 
complexity of the network developed. 
4. The effect of dispersion and agglomeration of nanoparticles are not 
considered in the simulator. The effect of dispersion and agglomeration 
of the injected concentration that can affect the inner diameter of the 
microchannel. The effect of these two parameters should be considered 
in the future simulation. 
5. The effect of crystallisation and deposition for the adsorption and 
desorption mechanism of the injected particles in the microchannel is 
not considered in the simulator. These two can enhance or reduce the 
adsorption and desorption process in the system, therefore these 
parameters should be considered in the future study. 
6. It also needs to develop a mechanism to arrange the predefined 
microchannel segment to establish a network model based on real 
porous media model. 
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APPENDIX A  
Following sequence of a typical scale inhibitor squeeze procedure is listed 
below [100, 107]: 
1. Pouring acid to clean scale and debris out of the wellbore. 
2. Injecting a demulsifier or surfactant to increase the water wetness of 
the formation, and also improve injectivity. This is also known as the 
“spearhead” package. 
3. Injecting a pre-flush that already contains inhibitor. The purpose is to 
push the spearhead and to cool down the surrounding area of the 
wellbore. 
4. Injecting the main scale-inhibitor treatment (pill) 
5. Injection of an over flush in order to push the main scale-inhibitor 
treatment solution to the designated depth and deep into the 
formation. 
6. Well shut-in period to soak the formation for about 6-24 hours. In this 
period the inhibitor is to be adsorb/precipitate on to the rock surface. 
7. Re-opening the well to let it back into production.  
 
A scale squeeze treatment should contain fluid packages as below 
[105]: 
1. Mutual solvent preflush, to avoid risk of sludge formation 
2. Demulsifier, to prevent possible emulsion generated 
3. Spacer of fresh water, to isolate different fluid solution 
4. Surfactant, as a cleaning agent for the tubing and the well bore. They 
also said that surfactant might hinder any oily deposits from pushing 
into formation and affect the squeeze performance on rock matrix 
5. Scale inhibitor, as the main treatment (pill) 
6. Over flush with fresh water to push to inhibitor to the designated 
scaling location 
7. Displacements, normally diesel is used to assist unloading the well 
after shut in period 
8. Shut in time for better adsorption/desertion profile.  
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It is important to carefully observe in timely basis the return ‘waste’ 
concentration of the inhibitor as an indication if the scale problem has been 
managed effectively. Sample collection follows the procedure below: 
1. One sample every ½ hour for the first 12 hours 
2. One sample every 1 hour for the next 24 hours 
3. 3 samples daily for the next three days 
4. as the end point, a daily sample 
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APPENDIX B 
This section shows the results of the sensitivity study the parameters in 
the adsorption isotherm equation parameter used in Chapter 4 in order to 
obtain suitable adsorption equation that satisfy the experimental result. The 
first subsection displays the results for the Langmuir adsorption isotherm 
equation for a 2D microchannel geometry, the second one is for the modified 
Freundlich adsorption isotherm for a 2D microchannel geometry, and the 
third one is the modified Freundlich adsorption isotherm for a 3D axis-
symmetric microchannel geometry. 
 
1. Langmuir Adsorption Isotherm for 2D microchannel geometry 
 
Figure B.0.1 : Post flush effluent concentration vs injection volume for 
different kids between 1x10-3 and 3.16x10-7 for constant value of kids 
3.16x104 (Langmuir Adsorption Isotherm) 
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Figure B.0.2: Post flush effluent concentration vs injection volume for 
various kads and  kdes (Langmuir Adsorption Isotherm) 
 
2. Freundlich Adsorption Isotherm for 2D microchannel geometry 
 
 
Figure B.0.3: Post flush effluent concentration vs injection volume for various 
kads , nads, kdes, and ndes. Preliminary study 1 (Freundlich Adsorption 
Isotherm) 
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range of those variables that near to the best fit to the experimental 
results. The effluent concentrations for the preliminary study are shown 
in Figure B3, B4, and B5. 
 
 
Figure B.0.4: Post flush effluent concentration vs injection volume for 
various kads and  constant nads, kdes, and ndes. Preliminary study 2 
(Freundlich Adsorption Isotherm) 
 
 
Figure B.0.5: Post flush effluent concentration vs injection volume for 
various kads, nads, kdes, and ndes. Preliminary study 3 (Freundlich 
Adsorption Isotherm) 
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Figure B.0.6: Post flush effluent concentration vs injection volume for 
various kads, nads, kdes, and ndes. Preliminary study 4 (Freundlich 
Adsorption Isotherm) 
 
Afterwards, it was found the range for the kads and the kdes for the best 
fit against the experiment results are 3.16x10-4 and 3.16x104 respectively. 
Thorough investigation around these numbers with combination of various 
nads and ndes was conducted. The results for kads sensitivity are shown in 
Figure B.7 and Figure B.8.  The results for kdes sensitivity are shown in 
Figure B.9. The results for nads sensitivity are shown in Figure B.10. The 
results for ndes sensitivity are shown in Figure, B.11, B.12, B.13 and B.14 
below. 
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Figure B.0.7: Post flush effluent concentration vs injection volume for 
various kads sensitivity (Freundlich Adsorption Isotherm) 
 
 
Figure B.0.8: Post flush effluent concentration vs injection volume for 
various kads sensitivity (Freundlich Adsorption Isotherm) 
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Figure B.0.9: Post flush effluent concentration vs injection volume for 
various kdes sensitivity (Freundlich Adsorption Isotherm) 
 
 
Figure B.0.10: Post flush effluent concentration vs injection volume for 
various ndes sensitivity (Freundlich Adsorption Isotherm) 
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Figure B.0.11: Post flush effluent concentration vs injection volume for 
various ndes sensitivity (Freundlich Adsorption Isotherm) 
 
 
Figure B.0.12: Post flush effluent concentration vs injection volume for 
various ndes sensitivity (Freundlich Adsorption Isotherm) 
 
 
 
 
0,01
0,1
1
10
100
1000
10000
100000
1000000
10000000
0 100 200 300 400
Ef
flu
en
t C
on
ce
nt
ra
tio
n (
pp
m
)
Injected Volume (PV)
Effluent Concentration (Freundlich)
ndes sensitivity
Effluent from experiment
kads=3.16E‐05, nads=0.45
kdes=3.16E+04 ndes=0.1
kads=3.16E‐05, nads=0.45
kdes=3.16E+04 ndes=5
kads=3.16E‐05, nads=0.45
kdes=3.16E+04 ndes=8
kads=3.16E‐05, nads=0.45
kdes=3.16E+04 ndes=9
kads=3.16E‐05, nads=0.45
kdes=3.16E+04 ndes=10
0,01
0,1
1
10
100
1000
10000
100000
0 100 200 300 400
Ef
flu
en
t C
on
ce
nt
ra
tio
n (
pp
m
)
Injected Volume (PV)
Effluent Concentration (Freundlich)
ndes sensitivity Effluent exp (ppm)
kads=3.16E‐05, nads=0.45
kdes=3.16E+04 ndes=5
kads=3.16E‐05, nads=0.45
kdes=3.16E+04 ndes=8
kads=3.16E‐05, nads=0.45
kdes=3.16E+04 ndes=9
kads=3.16E‐05, nads=0.45
kdes=3.16E+04 ndes=10
kads=3.16E‐05, nads=0.45
kdes=3.16E+04 ndes=50
kads=3.16E‐05, nads=0.45
kdes=3.16E+04 ndes=80
kads=3.16E‐05, nads=0.45
kdes=3.16E+04 ndes=100
  276 
___________________________________________________________________________________________ 
 
Figure B.0.13: Post flush effluent concentration vs injection volume for 
various high ndes sensitivity (Freundlich Adsorption Isotherm) 
 
 
Figure B.0.14: Post flush effluent concentration vs injection volume for 
various high ndes sensitivity (Freundlich Adsorption Isotherm) 
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APPENDIX C-1 
The distribution profile of the injected nanoparticle concentration for various 
tortuous microchannels for continuous concentration injection.  
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Concentration profile at 0 seconds 
 
Adsorbate concentration at 0 seconds 
 
Concentration profile at 0.6 seconds 
 
Adsorbate concentration at 0.6 seconds 
 
Concentration profile at 1.4 seconds 
 
Adsorbate concentration at 1.4 seconds 
 
Concentration profile at 2 seconds 
 
Adsorbate concentration at 2 seconds 
Figure C-1.0.15  Concentration profile (left) and adsorbate concentration of 
the case of the continuous injection for time steps 0, 0.6, 1.4, and 2 
seconds. 
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Concentration profile at 0 seconds 
 
Adsorbate concentration at 0 seconds 
 
Concentration profile at 0.6 seconds 
 
Adsorbate concentration at 0.6 seconds 
 
Concentration profile at 1.4 seconds 
 
Adsorbate concentration at 1.4 seconds 
 
Concentration profile at 2 seconds 
 
Adsorbate concentration at 2 seconds 
Figure C-1.0.16  Concentration profile (left) and adsorbate concentration of 
the case of the continuous injection for time steps 0, 0.6, 1.4, and 2 
seconds  
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Concentration profile at 0 seconds 
 
Adsorbate concentration profile at 0 seconds 
 
Concentration profile at 0.6 seconds 
 
Adsorbate concentration profile at 0.6 seconds 
 
Concentration profile at 1.4 seconds 
 
Adsorbate concentration profile at 1.4 seconds 
 
Concentration profile at 2 seconds 
 
Adsorbate concentration profile at 2 seconds 
Figure C-1.0.17   Concentration profile (left) and adsorbate concentration of 
the case of the continuous injection for time steps 0, 0.6, 1.4, and 2 
seconds  
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Concentration profile at 0 seconds 
 
Adsorbate concentration profile at 0 seconds 
 
Concentration profile at 0.6 seconds 
 
Adsorbate concentration profile at 0.6 seconds 
 
Concentration profile at 1.4 seconds 
 
Adsorbate concentration profile at 1.4 seconds 
 
Concentration profile at 2 seconds 
 
Adsorbate concentration profile at 2 seconds 
Figure C-1.0.18    Concentration profile (left) and adsorbate concentration of 
the case of the continuous injection for time steps 0, 0.6, 1.4, and 2 seconds  
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Concentration profile at 0 seconds 
 
Adsorbate concentration profile at 0 seconds 
 
Concentration profile at 0.6 seconds 
 
Adsorbate concentration profile at 0.6 seconds 
 
Concentration profile at 1.4 seconds 
 
Adsorbate concentration profile at 1.4 seconds 
 
Concentration profile at 2 seconds 
 
Adsorbate concentration profile at 2 seconds 
Figure C-1.0.19     Concentration profile (left) and adsorbate concentration 
of the case of the continuous injection for time steps 0, 0.6, 1.4, and 2 
seconds  
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Concentration profile at 0 seconds 
 
Adsorbate concentration profile at 0 seconds 
 
Concentration profile at 0.6 seconds 
 
Adsorbate concentration profile at 0.6 seconds 
 
Concentration profile at 1.4 seconds 
 
Adsorbate concentration profile at 1.4 seconds 
 
Concentration profile at 2 seconds 
 
Adsorbate concentration profile at 2 seconds 
Figure C-1.0.20      Concentration profile (left) and adsorbate concentration 
of the case of the continuous injection for time steps 0, 0.6, 1.4, and 2 
seconds  
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Concentration profile at 0 seconds 
 
Adsorbate concentration profile at 0 seconds 
 
Concentration profile at 0.6 seconds 
 
Adsorbate concentration profile at 0.6 seconds 
 
Concentration profile at 1.4 seconds 
 
Adsorbate concentration profile at 1.4 seconds 
 
Concentration profile at 2 seconds 
 
Adsorbate concentration profile at 2 seconds 
Figure C-1.0.21       Concentration profile (left) and adsorbate concentration 
of the case of the continuous injection for time steps 0, 0.6, 1.4, and 2 
seconds 
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APPENDIX C-2 
 
The distribution profile of the injected nanoparticle concentration for various 
tortuous microchannels for discontinuous concentration injection 
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Concentration profile at 0 seconds 
 
Adsorbate concentration profile at 0 seconds 
 
Concentration profile at 0.3 seconds 
 
Adsorbate concentration profile at 0.3 seconds 
 
Concentration profile at 0.6 seconds 
 
Adsorbate concentration profile at 0.6 seconds 
 
 
Concentration profile at 0.9 seconds 
Adsorbate concentration profile at 0.9 seconds 
Figure C-2.0.22 Concentration profile (left) and adsorbate concentration of 
the case of the discontinuous injection for time steps 0, 0.3, 0.6, and 
0.9 seconds 
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Concentration profile at 0 seconds 
 
Adsorbate concentration profile at 0 seconds 
 
Concentration profile at 0.3 seconds 
 
Adsorbate concentration profile at 0.3 seconds 
 
Concentration profile at 0.6 seconds 
 
Adsorbate concentration profile at 0.6 seconds 
 
Concentration profile at 0.9 seconds 
 
Adsorbate concentration profile at 0.9 seconds 
Figure C-2.0.23  Concentration profile (left) and adsorbate concentration of 
the case of the discontinuous injection for time steps 0, 0.3, 0.6, and 
0.9 seconds 
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Concentration profile at 0 seconds Adsorbate concentration profile at 0 seconds 
 
Concentration profile at 0.3 seconds Adsorbate concentration profile at 0.3 seconds 
 
Concentration profile at 0.6 seconds Adsorbate concentration profile at 0.6 seconds 
 
Concentration profile at 0.9 seconds Adsorbate concentration profile at 0.9 seconds 
Figure C-2.0.24   Concentration profile (left) and adsorbate concentration of 
the case of the discontinuous injection for time steps 0, 0.3, 0.6, and 
0.9 seconds 
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Concentration profile at 0 seconds 
 
Adsorbate concentration profile at 0 seconds 
 
Concentration profile at 0.3 seconds 
 
Adsorbate concentration profile at 0.3 seconds 
 
Concentration profile at 0.6 seconds 
 
Adsorbate concentration profile at 0.6 seconds 
 
Concentration profile at 0.9 seconds 
 
Adsorbate concentration profile at 0.9 seconds 
Figure C-2.0.25    Concentration profile (left) and adsorbate concentration of 
the case of the discontinuous injection for time steps 0, 0.3, 0.6, and 
0.9 seconds 
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Concentration profile at 0 seconds 
 
Adsorbate concentration profile at 0 seconds 
 
Concentration profile at 0.3 seconds 
 
Adsorbate concentration profile at 0.3 seconds 
 
Concentration profile at 0.6 seconds 
 
Adsorbate concentration profile at 0.6 seconds 
 
Concentration profile at .0.9 seconds 
 
Adsorbate concentration profile at 0.9 seconds 
Figure C-2.0.26     Concentration profile (left) and adsorbate concentration 
of the case of the discontinuous injection for time steps 0, 0.3, 0.6, and 
0.9 seconds 
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Concentration profile at 0 seconds 
Adsorbate concentration profile at 0 seconds 
 
Concentration profile at 0.3 seconds 
 
Adsorbate concentration profile at 0.3 seconds 
 
Concentration profile at 0.6 seconds 
 
Adsorbate concentration profile at 0.6 seconds 
 
Concentration profile at 0.9 seconds 
 
Adsorbate concentration profile at 0.9 seconds 
Figure C-2.0.27      Concentration profile (left) and adsorbate concentration 
of the case of the discontinuous injection for time steps 0, 0.3, 0.6, and 0.9 
seconds 
 
